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ABSTRACT
Nevado del Ruiz is an andesitic stratovolcano located 150 km northwest of 
Bogota, Colombia. This volcano is characterized  by a  large hydrotherm al 
system  with two very distinctive types of w ater: acid sulfate w aters, and 
bicarbonate and  neutral chloride waters. The w aters within each group fall in 
well-defined lines on compositional cross plots. There is an apparent lack of 
mixing betw een the  two w ater types. The acid sulfate w aters ap p ea r to be 
related to the  north-west striking and seismically active Villamarta-Termales 
fault. The neutral chloride w aters are clustered to the w est and south-east of 
th e  vo lcano . T he b icarbonate  w a te rs  a re  m ore w id esp read . S evera l 
hydrotherm ally-altered sam ples from Nevado del Ruiz volcano hydrothermal 
system  w ere analyzed using X-ray diffraction techniques. It is possible to 
distinguish two se ts  of mineral assem blages which correspond to the two water 
types. The acid sulfate w aters produce cristobalite, sulfates, hematite or pyrite, 
sulfur and  minor am ounts of trydimite, kaolinite, sm ectite, and illite. The 
alteration products at the  neutral chloride and bicarbonate w aters include 
mainly carbonates and cristobalite. Simulation of the  reactions betw een the 
hydrothermal fluids and the basaltic andesites of the  lower volcanic units at 
Ruiz using the  com puter program CHILLER yields mineral assem blages which 
are consistent with the observed alteration mineralogy.
High chloride and sulfate concentrations, and helium and  sulfur isotopes 
sug g est that the acid sulfate w aters have an  important m agm atic contribution. 
The chemistry of the acid sulfate waters can best be explained largely by bulk 
dissolution of the  volcanic rocks at Ruiz. The com position of the  neutral 
chloride and bicarbonate w aters suggests  mineral equilibria with feldspars and 
carbonates. Both types of w aters ap p ea r to be the product of mixing of high 
salinity end  m em bers with different proportions of m eteoric w ater. Linear
xix
variations in composition of the g ases  discharged at Ruiz suggest that the gas 
p h ase  also rep resen ts mixing. Faults and contacts play a  key role in the 
circulation of fluids at Ruiz.
xx
CHAPTER 1. INTRODUCTION
SCOPE AND PURPOSE OF THIS STUDY
The Nevado del Ruiz volcano is an andesitic stratovolcano located 150 
km w est-northw est of Bogota, Colombia (Figure 1.1) which has been 
unusually active since November 1984. On 13 November 1985, a  plinian 
eruption and resultant lahar killed more than 25,000 people in several towns 
n ear the  volcano (Williams et al., 1986). This volcano has a  large 
hydrothermal system  (Sturchio et al., 1988; Sturchio and Williams, 1990). 
Surficial hydrothermal sites cover a  large area, and hot springs with high 
sulfate and chloride contents are found up to 12  km from the summit of the 
volcano. The volcanic activity of Ruiz is accompanied by high S 0 2 emissions, 
which som etim es exceed 104 tons of S 0 2 per day (Williams et al., 1990), and 
a  high seismicity with several sources identified around the main volcanic 
edifice (Munoz et al., 1990).
The understanding of the  chem ical and  physical p ro ce sse s  in 
hydrogeological system s in general is important because water is a  valuable 
natural resource. In the c a se  of hydrothermal system s assoc ia ted  with 
volcanoes, the importance of these  processes is even greater because  the 
fluids can possibly be used  for the generation of electricity or heat. In 
addition, th e se  hydrotherm al sy s te m s a re  the  primary geological 
environments for the transport and deposition of many types of ore deposits 
(Henley, 1985). The hydrothermal system  is very important in the chemical 
and mechanical weakening of the rocks. This can be observed in the highly 
fractured and hydrothermally altered rocks in river cannyons to the north of the 
volcano. Mass wastening processes a s  landslides are very important in the 
history of this volcano (Thouret et al., 1990b).
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Figure 1.1. a) Location of N evado del Ruiz volcano in Colombia. Outlined a re a s  
in th e  m ap  of Colombia are  the  2000  m contours of th e  Andes Cordillera. O c is 
the  Cordillera O ccidental, C is th e  Cordillera C entral, and  O r is the  Cordillera 
Oriental, b) Principal regional faults in th e  C entral Cordillera n ear N evado del 
Ruiz. T he sh a d ed  a re a  rep resen ts th e  Ruiz.Tolima Volcanic Complex (RTVC). c) 
Area of th e  RTVC showing the  location of th e  different volcanoes and  principal 
regional faults (After Zollweg, 1990).
3The data  on the chemistry of natural fluids in hydrothermal system s can 
give invaluable information about the chemical and physical properties of the 
system , such a s  the flow paths, interactions betw een different fluids, and fluid- 
rock interaction. The p resen t cycle of activity of Nevado del Ruiz volcano 
p resen ts  an  excellent opportunity to study a  geotherm al system  associated  
with an active volcano.
The purpose  of this resea rch  w as to understand  the  physical and 
chem ical p ro cesses  occurring in this geotherm al field. This w as pursued by 
analyzing fluid com positions and modeling possible fluid flow paths, possible 
so u rces and sinks of the  different com ponents in this geotherm al system , 
in teractions betw een  rocks and fluids, fluid transport an d  interaction of 
m agm atic com ponents, and the  relation of fluid flow paths to fault system s. 
The majority of the  d a ta  u sed  a re  taken from previous stud ies of others; 
although this is supplem ented  by new d a ta  on alteration m ineralogy and 
geochem istry and  simulation results. Several compositionally different types 
of w ater have been previously identified in this system  (CHEC, 1983; Sturchio 
e t al., 1988; G iggenbach et al., 1990). T h ese  authors have p roposed  the 
different types could be produced by the  interaction of m agm atic g a s e s  with 
the  w ater reservoir and  the interaction of the hot fluids with the  country rock.
This work h as  b een  divided into sev era l c h ap te rs  to p resen t the  
geological background, theoretical framework, m ethodology and results. In 
chap ter a  sum m ary of the recent work in chemical and  physical p ro cesses  in 
volcanic hydrotherm al system s in general is p resen ted . This is need ed  in 
order to better understand the different p rocesses that are happening at Ruiz. 
C hapter 2 presen ts a  review of the geological setting of Ruiz, and the relation 
betw een geology and hydrotherm al d ischarges. C hapter 3 d ea ls  with the 
chem istry of the  w aters. The results of a  study of hydrotherm al alteration
4m inerals at several surface d ischarge sites a re  p resen ted  in C hapter 4. 
C hapter 5 p resen ts an equilibrium therm odynam ic approach to explain the 
w ater compositions. Chapter 6  deals with the numerical simulation of reaction 
path modelling of Nevado del Ruiz fluids. C hapter 7 presents the chemistry of 
the g a se s  and the redox reactions studied in this system . Chapter 8  exam ines 
the  fluid flow regim e. C hap ter 9 p resen ts  a  syn thesis of the  chem ical 
properties of this hydrothermal system  and proposes a  general model for the 
hydrotherm al system , and C hapter 10 p resen ts  the  conclusions and 
reccom endations of this work.
P H Y S IC A L  AND C H E M IC A L PR O C E S S E S  IN V O L C A N IC  
HYDROTHERMAL SYSTEMS
G eochem ical p ro cesses  in volcanic geotherm al sy s tem s have been 
studied by several authors (e.g. Giggenbach, 1980; Henley and Ellis, 1983) by 
considering the  w ater com positions, mineral and g as  equilibria of the 
d ischarged  fluids, and  the  rock matrix. Henley and Ellis (1983) have 
proposed m odels for hydrothermal system s in silicic and andesitic volcanic 
terranes. Figures 1.2 and 1.3 show s their models for hydrothermal system s in 
silicic and andesitic volcanoes, respectively. They explain hydrotherm al 
system s in these  types of volcanoes a s  follows:
a) Hydrothermal systems in silicic volcanic terranes. Heat, solutes, and 
g a se s  including NaCI, C 0 2, S 0 2, H20 ,  and other solutes and g a se s  are
transferred from the magmatic system  to groundwater. This groundwater is 
a ssu m e d  to be derived from m eteoric w ater. As a  result of th e se  
interactions, a  plume of near-neutral pH chloride w ater is formed. Steam  
separation p ro cesses  in the upper part of the plume produce fum aroles 
and absorption of steam  by upper aquifers. H2S is oxidized at the w ater
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Figure 1 .2. Hydrothermal system s in silicic volcanic te rranes. Heat and m ass in 
the form of NaCI, CO2 , SO 2 . H2 O, and o ther so lu tes a n d  g a se s  are  transfered 
from the m agm atic system  to th e  groundwater. As a  result of this interaction, a 
plume of near-neutral pH chloride w ater is form ed, from which th e  o ther w ater 
types observed n e a r the  surface  a re  derived (Henley an d  Ellis, 1983).
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Figure 1.3. Hydrothermal system s in andesitic volcanoes. The sam e basic 
p rocesses as in silicic system s occur at th ese  types of volcanoes. The high relief 
in these  structures and the low water table c au ses  th ese  system s to discharge 
the chloride waters at som e distance from the summit (Henley and Ellis, 1983).
7tab le  to p roduce  th e  acid  su lfa te  w aters. S team  sep a ra tio n  can  also 
produce b icarbonate  w aters, w hen the  C 0 2-rich se p a ra ted  s team  mixes
with shallow er w aters. Mixing of th e se  w ater types can  occur, giving rise to 
a  wide range of com positions.
b) Hydrothermal systems in andesitic volcanoes. T he s a m e  b asic  
p ro c e sse s  a s  in silicic sy s tem s occu r a t this type of volcanoes. However, 
the  high topographic  relief in th e se  s tru c tu res  and  the  low w a te r table 
results in d ischarge  of chloride w aters a t som e distance from the  summit. 
P e rch e d  aqu ifers a re  com m on. N ear-su rface  co n d en sa tio n  of volcanic 
g a s e s  and  oxidation can  result in the formation of acidic c ra ter lakes.
In a  m ore com prehensive study, G iggenbach (1984) has more recently 
divided th e  geochem ical environm ents of hydrotherm al sy s tem s surrounding 
the  m agm atic cham ber of strato  vo lcanoes into five types (Figure 1.4), defined 
by the  dom inant chem ical p ro cesses  a s  follows:
I) Sodium , m agnesium , and  calcium  m etasom atism , p roduced  by the 
preferential deposition  of Na, Mg, C a  silicates by th e  d escen d in g  and 
heating solutions, a t the  m eteoric w ater recharge zone.
II) Attack of strong m agm atic g a s e s  (HCI, H2S 0 4, HF) on the  rocks in the
m agm atic-hydro therm al transition  z o n e , lead ing  to  rock d isso lu tion , 
a d v an c ed  argillic a ltera tion , an d  silicification. L eaching p ro d u ces  high 
chloride- sulfate w aters and  a zone of primary acid neutralization, which is 
charac terized  by NaCI-KCI brines, an d  m agm atic C 0 2 and  H2S. Low Ca,
and  Mg in th e se  w aters su g g e s ts  early deposition of Mg and  C a silicates 
a s  am phiboles, biotite, chlorite, anhydrite, and  fluorite.
III) Isochem ical recrystallization and  hydration occur within s tag n an t parts 
of the  hydrotherm al system .
IV) P o tassiu m  m etasom atism , which co rre sp o n d s  to th e  m ajor upflow
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Figure 1 .4. Geochemical environments surrounding a  magmatic chamber. Five 
zones can be recognized. I) A zone of Na, Mg, and  Ca metasomatism produced 
by the descending and heating solutions at the meteroric waters recharge zone. 
II) A primary neutralization zone produced when the strong magmatic g ases  are 
incorporated to groundwater, leading to rock dissolution, advanced  argillic 
alteration and silicification. II) Isolchemical recrystallization and  hydration over 
stagnant parts of a  hydrothermal system. IV) Potassium  metasomatism at the 
major upflow zones. V) Hydrogen metasomatism characterized by acid attack of 
C O 2  on Ca-AI silicates in the  zo n es  ad jacen t to  m ajor upflow zones  
(Giggenbach, 1988).
9zones, where preferential leaching of Na from the rocks and removal of K 
from the solution to form K-feldspars is accompanied by silicification.
V) Hydrogen metasomatism characterized by acid attack of C 0 2 on Ca-AI
silicates to produce calcite and argillic to phyllic alteration assem blages in 
the zones of rapid conductive cooling adjacent to the upflow zones.
Giggenbach uses the terms well-equilibrated or mature water and non­
equilibrated or inmature waters. In his classification scheme, well-equilibrated 
or mature waters refers to waters which have been interacting with the rocks 
for a  long time. They have reached equilibrium with respect to the reactions 
which convert Na-feldspar to K-feldspar, and feldspars to sheet silicates, 
depending on the initial composition of the rock. They have near neutral pH. 
Immature or non-equilibrated waters, in contrast, refer to waters which have 
not interacted with the rocks over a  period of time long enough to reach 
equilibrium, with respect to those reactions. They can have low pHs.
The w aters d ischarged at the  surface which correspond to the 
environm ents m entioned above can  be classified into th ree  types 
(Giggenbach, 1988):
I) Highly acidic chloride-sulfate waters produced by absorption of 
magmatic g a se s  in groundwater in the primary neutralization zone with 
accom panying rock dissolution. T hese  waters are  generally non­
equilibrated or immature, a s  defined by Giggenbach (1988).
II) Well-equilibrated fluids discharged at the neutral chloride springs and 
waters from deep geothermal wells. These discharges represent the major 
upflow zones which sometimes have been exploited to produce electrical 
energy, e.g. Ahuachapan in El Salvador (Henley et al., 1984).
III) Bicarbonate waters or soda  springs at the periphery of the hydrothermal 
system. These waters are produced when the equilibrium fugacity of C 0 2
10
for full fluid-rock equilibrium d e c re a s e s  with decreasing  p ressu re ,  then 
calcite  is precipitated and  large d isch a rg es  of g a s e o u s  C 0 2 a re  also
produced (Giggenbach, 1984).
Highly acidic sulfate and  low chloride waters also can be found. T hese 
a re  produced by shallow oxidation of H2S with H20  (Sturchio et al., 1988).
T h ese  w aters do not represent d e ep  environments in volcanic hydrothermal 
system s. As magmatic g a s e s  are rich in sulfur a s  well a s  chloride (Menyailov, 
1975), when they are  mixed with w ater they produce high sulfate and  high 
chloride waters.
APPROACH OF THIS STUDY
A large amount of information about the chemistry of Nevado del Ruiz 
hydrothermal w aters  has  been  ga thered  since the  first s tud ies  in the  late 
sixties (Arango, 1970) and the later studies after the eruption of November 13, 
1985 (Sturchio et al., 1988; Giggenbach et al., 1990). The CHEC report of 
1983 contains information about the water d ischarges over a  very large a rea  
which com prises, in addition to Nevado del Ruiz, the a re a s  of Cerro Bravo 
volcano to the north, and  Nevado del Cisne, Nevado de  S a n ta  Isabel, and 
Tolima volcanoes to the south (see Figure 1.1). This w as  a  very broad study in 
which information about all the  recognized d ischarges  on the  a re a  of study 
w as collected. However, this information has not been  carefully analyzed and 
in te rp re ted  for the  sm aller  a r e a  constitu ted  by th e  N evado  del Ruiz 
hydrothermal system. The studies of Giggenbach et al. (1990) and  Sturchio et 
al. (1988) comprised an a re a  smaller than the CHEC report but larger than the 
a re a  which contains the natural drainage of Nevado del Ruiz. B ecause  of the 
p resen ce  of o ther volcanoes in the  a rea , som e of the d ischarges  considered 
by Sturchio et al.(1988) and G iggenbach et al. (1990) could be  affected by
circulation processes  of these  other volcanoes. In addition, these two groups 
considered only som e of the higher TDS (>1000 ppm) waters. Valuable 
information provided by other high TDS d ischarges and  the more dilute 
waters was ignored.
In this work, the study a re a  w as se lec ted  considering the drainage 
pattern of the volcano and the springs which seem  to be more closely 
connected to Nevado del Ruiz (Figure 1.5). All the springs in the a re a  were 
studied. W hen the  chemical da ta  collected by Sturchio et al. (1988), 
Giggenbach et al. (1990), and CHEC (1983), were compared, it was observed 
that there are not big differences between these  data  sets. For that reason, the 
more recent da ta  se t for each  spring available at the time this study was 
initiated in December, 1988 was included in this work. With these  data, the 
water and gas chemistry was studied in order to distinguish the characteristic 
water system s in the area, fluid-rock interactions, and the possible relation of 
these  fluids with the magmatic system at Ruiz.
The study a re a  was visited during a  two week field trip in December, 
1988. The general geological features of the a rea  were observed, including 
rock types, glacial cap, fault systems, the volcanic structure, trace of the 1985 
lahar, and the evident activity of the volcano at that time. A summary of these 
features, a s  described in the literature, is presented in Chapter 2. Also, the 
hydrothermal springs of Rio Gualf (RG), Botero Londono (BL), Termales del 
Ruiz(TR), and Aguas Calientes (AC) (see Figure 1.5) were visited. At that time, 
the dissertation project was not clearly defined. The first idea was to study the 
hydrothermal system from a geophysical point of view. The application of the 
method of seismic tomography to the volcano was considered first. However, 
the complexity of Ruiz geology, and the reduced number of seismic stations in 
the seismic network, made not possible the application of that method at
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Ruiz. It was observed that a  large amount of chemical information existed for 
the hydrothermal fluids at Ruiz. For that reason, it w as decided to study the 
hydrothermal system using the chemical information. Later, the project was 
ex tended  to include the hydrothermal alteration products found at the 
discharge sites of Nevado del Ruiz. Several sam ples were collected from 
Termales del Ruiz (TR), Aguas Calientes (AC), Rio Gualf (RG), Azufrera Las 
Nereidas (LNA), El Recodo (RE), and Botero Londofio (BL) (see Figure 1.5). 
T hese  sam ples were collected by Steve Schaefer in the sum m er of 1990 
during a field trip to study the geology of Nevado del Ruiz. T hese sam ples 
were analyzed using X-ray diffraction techniques in order to recognize the 
mineral assem blages that are produced by the interaction of the hydrothermal 
fluids and the volcanic rocks. The reactions between the hydrothermal fluids 
discharged at El Ruiz crater and the volcanic rocks were simulated using the 
program CHILLER (Spycher and Reed, 1990a) and the simulated and real 
mineral a ssem b lag es  were compared. Finally, the flow regime that could 
produce the observed waters at Ruiz was analyzed and a  model for Nevado 
del Ruiz hydrothermal system was developed.
CHAPTER 2. GEOLOGY OF NEVADO DEL RUIZ HYDROTHERMAL
S Y S TE M
GEOLOGICAL SETTING
Nevado del Ruiz volcano is one of the seven volcanoes which form the 
Ruiz-Tolima volcanic complex. The others are Nevado El Cisne, Nevado de 
Santa Isabel, Nevado El Quindio, the P£ramo de Santa Rosa, Nevado del 
Tolima, and Cerro Bravo. This complex is located in the Central Cordillera of 
Colombia which is part of the Andes Mountains (Figure 1.1). The Earth’s crust 
in this part of the world has undergone intensive folding, faulting, magmatic 
intrusions, and volcanism during several orogenic periods, and it has a  very 
complex eruptive history (Vatin-P6 rignon et al., 1990). The Andean volcanic 
chain is part of a continental arc caused by the convergence of the Nazca and 
the South American plates.The volcano is about 170 km to the east of the 
oceanic trench, and the Benioff zone dips beneath the South American plate 
at an angle of 20 -30° at this location (Harmon et al., 1984).
The Ruiz-Tolima complex is dominated by Nevado del Ruiz, with a 
maximum elevation of 5400 m. It is a  broad stratovolcano which covers more 
than 200 km2 (Herd, 1974). The Central Cordillera in this region is bounded to 
the east by the Magdalena valley and to the west by the Cauca valley. These 
limits also correspond to the Romeral fault to the west and the Mulato fault to 
the east (Figure 2.1).
Nevado del Ruiz is located at the intersection of the right-lateral strike 
slip Palestina fault and several shorter N40°-50°W normal faults (Thouret et al, 
1990a). The different volcanoes in the region occur along the Palestina fault 
and  overly the basem ent of the Central Cordillera, which is formed of 
metamorphic rocks and intrusive igneous rocks. A sedimentary complex
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Figure 2.1. Tectonic setting of the Ruiz-Tolima massif.
1 .- Large caldera.
2.- Direction of major debris-avalanches and pyroclastic flows.
3.- Normal fault (VMTFrVillamaria-Termales fault; ONF: Olleta-Nereidas fault).
4.- Strike-slip fault.
(After Thouret et al., 1990).
overlies the metamorphic rocks outside the study a re a  and consists of 
sandstones, conglomerates, and minor amounts of clays, silts, gravels, and 
reworked tuffs. The sedim entary  rocks (known a s  Q uebrada  G rande 
Formation) are Cretaceous in age (CHEC, 1983) and were eroded from the 
crest of the Central Cordillera.
CHARACTERISTICS OF NEVADO DEL RUIZ ROCKS
Figure 2.2 presents a  geological map of Nevado del Ruiz volcano which 
w as constructed using the information of the 1 :25,000 geological maps 
published by CHEC (1983). In this map, all the various metamorphic rocks 
were grouped together a s  were the intrusive igneous rocks, the volcanic 
deposits of basaltic to andesitic composition, the lava flows and pyroclastic 
deposits of andesitic to dacitic composition, and the recent alluvial and mud 
flow deposits. The different lineaments and faults a s  well a s  the stream s and 
rivers in the area  were drawn.
Metamorphic Rocks
The metamorphic rocks in the Central Cordillera are known a s  the 
Cajam arca Group. This metamorphic complex comprises the basem ent and 
consists of phyllites, schists, gneisses, quartzites, and a few lenses of marble 
and calc-schists (CHEC, 1983; Herd, 1974). The coarse-grained rocks appear 
to occur at the lower stratigraphic level, w hereas pelitic rocks comprise the 
median and upper levels (Arango et al., 1970). Contact metamorphism also 
occurs around the intrusive bodies. Fossils have not been  found, perhaps 
b e ca u se  of the intensive deformation. In general, phyllites and schists 
predom inate on the w est flank of the  Cordillera, while higher grade 
metamorphic rocks crop out on the east flank (Herd, 1974).
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T he following discussion is b a sed  on the  detailed work of CHEC (1983) 
on the  lithology of this volcanic complex. The rocks of the m etamorphic group 
have  b e en  divided according to their lithology a s  follows: a  pelitic group 
formed of quartz-sericite schists and  graphite schists, a  mafic group formed of 
g ree n  sc h is ts  and  so m e  am phibolites , a  c a lc a re o u s  g roup  form ed of 
ca lca reo u s  sch is ts  an d  marble, and  a  quartz  group formed of quartzites, 
qu a rtz -sch is ts ,  and  g n e is se s .  The main g roups a re  the  pelitic an d  quartz  
groups, the o ther two groups occupy very small volumes in the  study area.
T h e  h e te ro g en e ity  of th e s e  rocks reflects  th e  com plexity  of th e  
depositional history of the original sed im entary  basin  which produced  the 
p a ren t  sed im entary  rocks. This environm ent co rre sp o n d s  to a  d e e p  w ater 
m arine  env ironm ent b e c a u s e  the  com position of th e  individual layers is 
uniform, fine grained, and  thinly laminated, an d  the  p re se n c e  of pyrite and 
graphite  ind icates an ae ro b ic  conditions. Two deform ation directions have 
been  inferred from the schistocity of th e se  rocks, corresponding to two tectonic 
events. In addition, the  em placem ent of the Manizales stock and  the El Bosque 
batholith have produced contact metamorphism in the  ad jacen t rocks (Arango 
et al., 1970).
T he  pelitic g roup  to th e  e a s t  of the  study a re a  c o n s is ts  of finely 
lam inated  rocks with layers  of variable th ic k n ess  (1 to 6  mm). Their 
mineralogy consis ts  of chlorite, biotite, graphite, and  plagioclase. Graphite 
can  be  p re sen t  in large am o un ts  and  forms the  black graphite-schist beds  
which c an  be 2-3 m thick. The acc esso ry  m inerals a re  zircon, apatite , and  
tourm aline. T he  se ric i te -sch is ts  a re  very h e te ro g e n e o u s ,  an d  they  have  
significant chemical trends  toward quartzite (increase in quartz), toward mica- 
sc h is ts  ( increase  in muscovite), an d  tow ard chlorite-schists  ( increase  in 
chlorite), but the  seric ite -schis ts  a re  more abu ndan t an d  define the  group.
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Outcrops of schist are  rare on the west flank of the Central Cordillera, because  
they are  buried by the volcanic rocks (see Figure 2.2). Intercalation of sericite 
and chlorite-schist is observed in the west part of the Cordillera.
The chlorite-schists are  intercalated with the o ther rock types of the 
•metamorphic complex, especially with the quartz-sericite and graphite schists. 
They form thin lenses of variable size and are light to dark green in color. 
They consist of actinolite, quartz, muscovite, epidote, and  chlorite in variable 
am ounts, with garnet, apatite, titanite (sphene), and magnetite a s  accessory 
minerals .
The quartzites form extensive outcrops in the eastern flank of the Central 
Cordillera. To the west, thin layers of quartzite are  intercalated with different 
rocks. Their composition is 60-90% quartz with minor am ounts of biotite, 
feldspar, apatite, zircon, tourmaline, and  graphite. The higher grade quartzites 
also contain garnet, sillimanite, andalusite, and  cordierite. The marbles are 
present on the  western side of the Cordillera a s  small lenses up to 1 m thick. 
Thin layers of calcareous schists are assoc ia ted  with the sericite schists and 
the green  schist. The age  of the regional metamorphism is considered to be 
Ordovician to Silurian and the contact metamorphism is upper C retaceous to 
lower Tertiary.
Intense zones  of hydrothermal alteration have been identified around the 
volcanic complex, especially to the west in Q uebrada Las Nereidas and to the 
northwest in the  Azufrado river canyon (Fig. 2.2). There are many paleo- 
alteration zones  below the recent layers. Other zones  are  recent in age, and 
are related to the fault zone-controlled hot springs.
Intrusive Igneous Rocks
The m etam orphic  rocks of the  Central Cordillera a re  intruded by 
intermediate to acidic batholiths, stocks and dikes which range in composition
from diorite to quartz diorite, quartz monzonite, and granodiorite (Herd, 1974). 
The two most important intrusive bodies in this study are the Manizales Stock 
and the El Bosque Batholith.
The Manizales Stock crops out on both sides of the Central Cordillera in 
the northern part of the study area (Figure 2.2). It is a  quartz diorite, medium to 
coarse  grained, with granular hypidiomorphic texture, and is com posed of 
quartz, plagioclase, K-feldspar, biotite, som etim es hornblende, and the 
accessory  minerals apatite, zircon, sphene, epidote, and allanite. The stock is 
the basem ent of the Cerro Bravo volcano and the other structures to the south 
of this volcano. Its age is estimated to be Jurassic  because  cuts the sericite 
schists of the Cajam arca group (Ordovician to Silurian) and  the gneissic 
intrusive to the northeast of Manizales, which is Triassic in age (CHEC,1983).
Part of the El Bosque Batholith crops out to the northeast, eas t  and 
southeast of the study a rea  (Figure 2.2). Its areal distribution suggests  that it 
could form part of the basem ent of Nevado del Ruiz, Nevado del Cisne, Santa 
Isabel, and  Tolima volcanoes. The batholith is mostly medium grained 
granodiorite to quartz diorite, with granular hypidiomorphic texture oriented 
toward the borders of the intrusion, and is composed of quartz, plagioclase, K- 
feldspar, biotite, and minor amounts of muscovite, with accesory  minerals 
zircon, sphene, apatite, and opaques. It intrudes the Cajam arca group rocks, 
and its age has been determined a s  Eocene (CHEC, 1983).
Volcanic Rocks
The volcanic rocks discordantly cover the metamorphic and intrusive 
complexes of the Central Cordillera. The rocks are basalt, andesite, and dacite 
in composition (Vatin-Perignon et al., 1990). The volcanic cen ters  are very 
close to each other in this part of the Cordillera and the residence time of 
m agm a in the magma cham bers was apparently long enough to produce that
variation in composition through differentiation. T he  xenoliths found in the  
explosive p roducts  at Cerro  Bravo volcano a re  qua rtz  diorites from the  
M anizales stock and  at S an ta  Isabel volcano from El Bosque batholith. This 
indicates that intrusive bodies  could contain the  m agm atic  conduits in th e se  
volcanic com plexes (CHEC, 1983).
The older lavas overlying the  b asem en t a re  Tertiary in age. The thickest 
volcanic cover is to the  w est of the Central Cordillera betw een  Nevado del 
Ruiz an d  S a n ta  Isabel. Nevado del Ruiz volcano is com posed  of a  s e q u en c e  
of lavas  of h y pers thene -aug ite  a n d es i te s ,  hornb lende  a n d e s i te s ,  basaltic  
andes ites ,  an d  d ac ites  (Herd, 1974). The lava flows are  very long and  extend 
up to 30 km to the  e a s t  an d  35 km to the w est of the volcano. The volcano is 
deeply  d issec ted  by the Azufrado river canyon to the  north-northeast and  the 
G uali river to the  northwest and  north. Strongly hydrothermally a ltered  and  
fractured rocks can  be  observed  in th e s e  canyons, which su g g e s ts  migration 
of hydrotherm al fluids h a s  occured  through the  faults which define th e s e  
c a n y o n s  and  a  possib le  interaction of the  hydrothermal sy s tem  with the  
m agm atic  environment at depth.
Hydrothermal alteration h a s  b e en  observed  in a  few lava xenoliths of 
the  upper products of Nevado del Ruiz, with estim ated  tem pera tu res  of less 
than  150° to 250° C  (CHEC, 1983). For this reason  and  b e c a u se  of the  large 
th ickness of the  volcanic cover a t  Ruiz CHEC resea rch e rs  postulated that the 
geo therm al sys tem  is confined to the  volcanic rocks. According to them , the  
m etam orph ic  a n d  intrusive rocks could form the  b a se m e n t  an d  the  less  
fractured lava flows and  pyroclastic deposits  in the upper units, the cap  rock. 
G lacier Cap
The summit of Nevado del Ruiz volcano is currently covered  with an ice 
c ap  having an  a v e rag e  th ickness  of 29 m and  a  surface  a re a  of 22 .6  km2
(Thouret, 1990). This volume represents 91% of the glacier present prior to the 
eruption of November 1985. 9% w as melted during that eruption and  was 
incorporated into the  killer lahars, snow avalanches , phreatic explosive 
products, or sublimated a s  steam (Thouret, 1990).
According to Herd (1974), during the Pleistocene, and at least one other 
time before 1 0 0 ,0 0 0  years ago, the entire crest of the Central Cordillera was 
covered with a  large glacial ice cap. The moraine deposits produced by these  
glaciers are  very common in the Central Cordillera and have been studied in 
detail by Herd (1974) and Thouret (1990). Herd stated that the largest ice cap 
on Ruiz occurred during the Pleistocene and extended from an elevation of 
3600 m on the west to an elevation of 3200 m on the east, with some tongues 
extending to 2700 m. The recession started before 13,800 yr B.P. and  was 
produced by pyroclastic volcanism. About 1500 A.D. the glaciers expanded 
again to elevations 200-400 m lower than the present. The ice cap  started to 
recede again in 1845 A.D. and presently has only 36% of its previous size.
The average annual rainfall near Ruiz is estimated to be 1000-1500 mm 
a t 4500 m elevation and the mean snowfall, is 2-3 m per year. Two rainy 
s e a s o n s  occur for this a rea : March to June  and Sep tem ber to December, 
ablation occurs especially from January  to March and melting from July to 
August (Thouret, 1990).
S o ils
Herd (1982) s ta te s  tha t p a leoso ls  (Andosols) can  be u se d  a s  
stratigraphic marker horizons near Cerro Bravo, Nevado del Ruiz, and Nevado 
del Tolima, w here  they rep resen t intervals of volcanic q u iescen ce  and  
separa te  the thick and coarse  tephra layers. They are characterized by a  black 
to dark  brown humus rich A1 horizon, with a  fine sandy  to silty texture 
generally overlain directly on oxidized C horizon. The soils becom e better
developed with decreasing elevation. Oxidation is common and the C or B 
horizons contain brown to yellowish brown thin layers of iron minerals (Herd, 
1982).
STRUCTURAL GEOLOGY AND MASS WASTING PROCESSES AT 
NEVADO DEL RUIZ VOLCANO
The Central Cordillera is characterized by intense folding, faulting, 
magmatic intrusions, and volcanism. The Cordillera is limited by two major 
faults, the Romeral inverse fault to the west and the Mulato fault to the east 
(Figure 2.1). These two faults and the central Palestina fault (Figures 2.1 and
2.2) follow the Cordillera and vary in strike from NNE-SSW to NE-SW along 
their trace. The other important fault system, which includes the Salamina- 
Marulanda fault to the north and Salento fault to the south of the study area  
and the Villamaria-Termales fault, strikes between NW-SE and E-W. The 
Manizales-Aranzazu fault is considered to be part of the Romeral fault zone 
(CHEC,1983).
The Palestina fault is a  dextral strike-slip fault with a  m easured  
displacement of about 28 km at Antioquia, to the northeast of the study area. 
This fault has a  strike of S40°W in the northern part of the study area. It 
disappears to the south of Ruiz and appears again 40 km to the south, outside 
the study area. The Guali river follows the trace of the fault to the northeast and 
changes its path near Ruiz due to its intersection with an oblique fault (Figure
2.2). The origin of the Palestina fault is related to the emplacement of the 
Antioquia batholith (to the north), from 6 8  to 80 Ma (CHEC, 1983). The 
volcanic centers of Nevado del Ruiz, Nevado del Cisne and Nevado Santa  
Isabel are aligned with the Palestina fault. This fault is clearly a preferential 
path for magmatic fluids .
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The NW-SE to E-W fault system  is important a lso  b e c a u se  Ruiz 
a p p ea rs  to be located at the intersection of one of the faults in this system  with 
the  Pa les tina  fault. T hese  faults also control the path of som e rivers at the 
surface, for example the river which follows the  Villamaria-Termales fault and 
the  fault followed by the Claro river (Figure 2.2). T here  has been  vertical 
motion on th e se  faults, and  the southwest block has moved down relative to 
the  northeast block (CHEC, 1983). However, Thouret et al (1990a) has 
indicated that the  Villamaria-Termales fault is a  normal fault dipping to the 
northeast, i.e., in opposite motion. T hese  faults displace the volcanic front from 
w est to e a s t  a s  it is observed in Cerro Bravo- Alto del Plato, Ruiz-Cisne-Santa 
Isabel, and  finally Cerro Espana. In th e se  c a se s ,  the faults are sug gested  to 
have strike-slip motion (CHEC, 1983).
In addition to these  two major system s, it is possible to identify other faults 
which a re  oblique to the Palestina fault and form a  structure known a s  a  "horse 
tail" (CHEC,1983). T h ese  a re  normal faults w here  the  w estern  blocks have 
m oved down and  the  eas te rn  blocks have moved up, forming a  se r ies  of 
ascending  s teps from the Romeral fault towards the Palestina fault.
The volcanic and  glacier cover m ake it difficult to estim ate the  s e n s e  of 
motion and  to trace  the  faults completely. However, the  regional Romeral, 
P a les tina , and  Mulato faults have  a  very c lea r  ex p ress ion , and  p resen t 
frac tured  and  hydrothermally a ltered  rocks and  b recc ia s ,  especially  the 
Palestina fault to the northeast of Ruiz.
Thouret et al (1990b) observed that the som ew hat elliptical sh ape  of Ruiz 
is defined by the Palestina  fault axis. The main faults of the  a re a  a re :  the 
inactive N20°E Palestina fault; the active co-linear, strike-slip, Otun-EI Bosque 
fault to th e  sou thw est;  the  active, northeast-d ipping N50°W  Villamaria- 
Term ales normal fault; the north-south to N10°E Olleta-Nereidas normal fault;
and the possibly inactive N15°W Recio-Tolima strike slip fault (Figures 2.1 and
2 .2 ).
It was mentioned above that many of the faults occur in deeply dissected 
troughs at the volcano, especially on the northeast, east, and south flanks in 
the Azufrado, Lagunillas and  R edo  river canyons (Figure 2.2). The north and 
eas t  flanks of Ruiz are extensively hydrothermally altered, and evidence for 
large slope failures and  m ass-wasting p ro ce sse s  are  common. T hese  
p rocesses  occur because  of the great instability of the volcanic edifice as well 
a s  the unstable margins of the glaciers and dissected canyons and cliffs and 
can be triggered by the volcanic activity (Thouret et al, 1990a). Lahars such as  
those  produced during the 1985 eruption have been a  common phenomenon 
at this large volcano with repeated destructive internal and external processes. 
GEO PH Y SICA L STUDIES
The geothermal survey carryed out by CHEC (1983) included some 
geophysical work to the north of Las Nereidas (Figure 2.2), in the a rea  
between Cerro Bravo and Laguna del Otun. The studies comprise gravimetric, 
geom agnetic  and  geoelectric profiles. The purpose of this work was to 
de te rm ine  the  th ickness  of the  volcanic cover, the  geom etry  of the  
metamorphic basem ent and intrusive bodies under the volcanic products, as  
well a s  to identify low resistivity hydrothermal zones. However, because  of the 
complexity of the region only the a rea  with thickest volcanic cover was 
identified. This is the area  between Laguna de Otun, Las Nereidas, and Ruiz 
which has a  volcanic cover up to 1000  m thick. It was not possible to identify 
low resistivity zones. The presence  of a  horizontal reservoir in the volcanic 
rocks is consider negligible. Nevertheless, the resolution of these  studies does 
not allow us to dismiss the possible existence of vertical narrow permeable 
zones, such a s  faults or fractures.
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Seism icity at Nevado del Ruiz
The occu rrence  of se ism ic  e v e n ts  w as  one  of the  first s igns  of the  
awakening of Nevado del Ruiz in November, 1984. During the  m onths prior to 
the  eruption of Novem ber 1985, the  activity w as  concentra ted  to the  north and 
w est of the crater, directly beneath  the  summit at a  depth betw een 0  and  6 km. 
Many significant se ism ic even ts  occurred at Ruiz before the  N ovem ber 1985 
eruption. T h ese  include: strong earthquakes , trem ors, and  cyclic trem ors. The 
num ber of ev en ts  of high and  low frequency increased  before the  phreatic 
eruption of S e p tem b er  11, 1985. Later, th is activity d e c re a se d  before the  
eruption of Novem ber 1985. The characteristics of the seism ic activity prior to 
th e  N ovem ber eruption, especially  th e  low and  high frequency  spectra l  
distribution and  their behavior with time w ere  studied by Martinelli (1990). A 
se ism ic  even t of m agnitude 3.5 w as reported on N ovem ber 9, and  the  only 
o th er  se ism ic  signal before  the  eruption w as  th e  p re s e n c e  of low-level 
harmonic tremor.
Since the  Novem ber, 1985 eruption, the  seismicity at Ruiz h a s  been
monitored by six perm anen t te lem etered  stations. The level of seismicity has
been  very high in all th e s e  years , with a  notable increase  during 1988-89. 
This fact an d  the high S O 2  em iss ions a re  interpreted a s  s igns of continued
magmatic activity in Ruiz and  suggest that o ther eruptions a re  possible during 
the presen t cycle of activity.
For this re sea rch , it is particularly significant tha t  th e  post-eruptive 
seism ic activity at Ruiz h a s  had the following characteristics:
a) Sw arm s of high frequency ea r th q u ak es  occur in regions se p a ra ted  by 
non-se ism ic  a r e a s  a n d  they have a  d e e p e r  origin on th e  flanks of the  
volcano (Nieto et al., 1990).
b) Seven  source  a re a s  have been  recognized around Ruiz by Mufioz et al.
(1990). T hese  are  known as: the crater, NE, E, SE, S, W, and NW sources 
(Figure 2.3).
c) According to Munoz et al. (1990), the focal m echanism s of these  events 
show a  close relation with several faults that p a ss  through Ruiz. However, 
Zollweg (1990) who studied high frequency earthquakes between Decem ber 
1985 and May 1986, concluded that these  events were not directly related to 
faults, except for the Villamana-Termales fault to the NW of Ruiz.
SPATIAL DISTRIBUTION OF HYDROTHERMAL SITES AT NEVADO  
DEL RUIZ
Figure 2.2 is a  geological map of Nevado del Ruiz volcano which 
comprises the a rea  studied in this work. On this map, the different lineaments 
and faults a s  well a s  the stream s and rivers in the area  were drawn. Overall, a  
radial dendritic drainage pattern is observed  but locally it can  be a  trellis 
pattern, where the rivers follow the lineaments such a s  the Gualf river following 
the Palestina fault, the Claro river to the southwest and the Molinos river to the 
west. The drainage system tends to follow the fault system at the surface of this 
volcano.
The different hydrothermal d ischarges used  in this study were plotted 
without distinction a s  to the  type of discharge. It can be observed that the 
hydrothermal s i te s  fall generally on the  faults, and  especially at the 
intersection of two or more faults. Also the contacts between the volcanic and 
metamorphic or igneous rocks seem  to be good outflow sites (i.e. discharges 
BL, EBI, RM II, QLL in Figure 2.2). The discharges are located in the volcanic 
units or at the contacts with the metamorphic rocks. The contacts between 
metamorphic and intrusive igneous rocks do not appear to be permeable, a s  
it w as expected. It can be concluded that the faults are  the preferential paths
Figure 2.3. Locations of seven active source  a re a s  of high-frequency 
earthquake swarms at Nevado del Ruiz volcano (After Munoz et al., 1990).
for the  hydrothermal fluids and, to a  lesse r  degree , the  contact betw een the 
volcanic units and  the metamorphic rocks.
Figure 2.4 illustrates cross  sections intersecting the  Ruiz summit. Their 
t ra c e s  a re  drawn in Figure 2.2. T hese  sections show  the c h a n g e s  in slope 
mentioned earlier a s  indicative of the caldera  of Ancestral Ruiz proposed  by 
Thouret et al. (1990b), especially the section AB and EF. From the location of 
the  d isc h a rg e s  in tersected  by th e se  sections, it can  be  inferred that the  
d ischarges should receive fluids flowing from the recharge zone in the  volcano 
sum m it through the volcanic units. However, th e se  shallow fluids could be 
mixing with fluids flowing through the  metamorphic and  igneous intrusive 
rocks. This is supported by the existence of discharges at the  intrusive units, 
a s  H acienda G rana tes  (HG) in the  sou theast corner of the study a re a  (Figure
2 .2).
S U M M A R Y
The geological properties of Nevado del Ruiz volcano which a re  most 
important to the purpose of this work are  those  related to the different physical 
a n d  chem ical p ro c e s s e s  in the  geo therm al sys tem , especially  the  fluid 
m ovem ent and  the exchange of m ass  and  energy.
On th e  geo log ica l m ap  (Figure 2.2), the  spa tia l  distribution of 
hydrothermal d ischarges reflects the rare occurrence of springs directly from 
the metamorphic and  igneous rocks. This is consistent with the high num ber of 
s t r e a m s  pe r  unit a r e a  in th e s e  rocks, which indicates they  have  low 
permeability. However, they should allow som e flow of fluids with an important 
magmatic contribution since they are closer to the magmatic environment. The 
pe rm eab le  volcanic d ep o sits  m ust allow the  preferential circulation of 
meteoric recharge waters.
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Figure 2.4. Cross sections AB, CD, and EF of Nevado del Ruiz volcano. See figure 2.2  for symbols.
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There is an apparent higher density of hydrothermal discharges to the 
west and north of the volcano, which is consistent with the higher fracture or 
fault density in those areas. The hydrothermal discharges occur preferentially 
along faults, fault intersections, and  contacts between the volcanic and the 
metamorphic and intrusive igneous rocks.
The volcanic cover is thicker on the west and south flanks of the volcano 
and more dissected to the north and west at the fault traces, with deeply 
eroded river canyons. There is a  tectonic control on the morphology, drainage 
pattern, and m ass wasting processes in this volcano. The fact that the springs 
are located near faults and rock contacts suggests  that fluid flow occurs 
preferentially through the faults and rock contacts.
CHAPTER 3. WATER CHEMISTRY
IN T R O D U C T IO N
T he  varia tion  in chem ica l  com position  a t  N evado  del Ruiz 
hydrothermal w aters  is d isc u sse d  in this chapter. First, a  review of the 
previous work and geochemical models of this volcano is presented . Next, a  
classification of the w aters according to their total dissolved solids content 
(TDS) and  dom inant anion is d iscussed . The spatial distribution of the  
different water and  their relation to the geology is d iscussed . Concentration 
diagram s for the  different cations v e rsus  anions or silica are  constructed for 
each  w ater type. Mixing lines for conservative ions are  identified in order to 
delineate  different circulation sys tem s in the  volcano. In this work, the term 
conservative species  refers to non-reactive chemical spec ies  in hydrothermal 
sys tem s (e.g. Cl). A review of the previous isotopic studies at Nevado del Ruiz 
and the more important findings relevant to the understanding of the  physical 
and  chem ical p ro c e sse s  happening at the  hydrothermal sy s tem  are  also  
presented  in this chapter.
DATA BASE
The w ater compositions for the  different springs a t  N evado del Ruiz 
volcano used  in this work were taken from Sturchio et al. (1988), Giggenbach 
et al. (1990), and  CHEC (1983). The first two groups ofauthors have analyzed 
only the  h igher TDS springs in this sys tem . The CHEC study  is very 
com prehensive and  includes a  wide range of springs. Even though the  three  
d a ta  se ts  were collected at different times, a  comparison of them indicates that 
the re  a re  not large differences in the  reported concentra tions at a  given 
spring. The most recent da ta  set reported for each  site w as used  in this study 
(Table 3.1).
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Table 3.1. W ater chemistry of Nevado del Ruiz hydrothermal system. 
Concentrations in mg/kg. C = CHEC, 1983. G = Giggenbach et al., 1990, 
S = Sturchio et al., 1988.
ource Name
DILUTE BICARBONATE W.
Initials TDS Latilud
(km)
Longitud Temp.(°C) 
(km)
PH Date Ca
C La Telarana LT 96 1037.60 8 4 2 .20 17.4 6 .43 5 -8 2 6.6
C Papayal PA 141 1039.80 8 4 2 .90 16 .7 6 .74 5 -8 2 8.2
C Quebrada La Leona QLL 73 1046.50 8 61 .00 10 .0 7 .39 6 -8 2 3.6
C Quebrada La Siberia a s 83 1048 .30 8 5 6 .20 10.7 7 .45 6 -8 2 4.6
C Santa Ana SA 45 1043.30 8 5 4 .60 15.2 6 .65 6 -8 2 1.7
C Quebrada Termales II QT II 83 1049 .90 8 5 6 .85 10.4 7 .53 6 -8 2 4.0
C Laguna Chlnchina LCH 22 1042 .65 8 6 0 .30 17 .8 6 .84 6 -8 2 0.8
C Hacienda Nieto i-N 131 1039.75 8 6 1 .05 12 .9 5 .62 6 -8 2 6.8
C Venliladeros (La Calera) VLC 58 1048.75 8 6 9 .1 0 11.0 7.61 6 -8 2 2.8
C Rio Molinos 1 RM 1 166 1037.45 8 4 5 .9 0 14 .0 7 .9 5 6 -8 2 18.6
C Rio Molinos II RM II 166 1037.35 8 4 7 .4 5 13.0 7 .93 6 -8 2 14.4
c Rio Molinos 111 RM III 116 1036.40 8 5 0 .4 5 10.5 7 .80 6 -8 2 7.4
c La Poa LPO 127 1036.28 8 5 0 .5 8 12.2 6 .4 2 6 -8 2 5 .4
c Rio Campo Alegre 1 CA I 157 1027.25 848 .83 10 .5 8 .23 6 -8 2 10.4
c Rio Campo Alegre II CA II 147 1031.92 8 4 4 .8 5 11.0 8.31 6 -8 2 9.2
c Rio Campo Alegre III CA III 149 1031.15 845 .62 10 .5 7 .97 6 -8 2 9.0
c Quebrada La Pirafla LPI 88 1033.88 87 0 .22 8 .0 7.61 6 -8 2 4.2
c Murillo MU 138 1030 .50 6 7 9 .9 5 14 .0 5 .4 2 6 -8 2 6.4
DILUTE ACID WATERS
C Fuente Frta Agues Callen. 1 ACF 412 1037 .80 8 6 5 .00 13.0 5 .67 5 -8 2 32.1
C Rio Redo RR 167 1026.15 8 7 6 .83 11.0 7 .59 6 -8 2 17.4
C Rio Lagunillas RL 161 1032.70 868 .88 10 .0 3 .9 3 6 -8 2 13.2
C A renales AR 191 1036 .90 8 6 3 .88 9 .0 5 .77 6 -8 2 16.4
c Quebrada Juntas QJ 237 1028.14 8 5 3 .08 9.0 7 .55 6 -8 2 36.1
c Quebrada La Plazuela QLP 405 1035.42 866 .38 11 .0 3 .66 6 -8 2 48.1
c Quebrada Nereidas-Nevado CAN 132 1030.75 8 5 7 .70 1.8 6 .2 4 6 -6 2 22 .0
BRACKISH BICARBONATE W.
C La Calera 1 LC 1224 1047.30 8 6 9 .70 2 8 .4 6 .6 2 6 -8 2 74.1
c Termales San Luis II SL 2089 1046.20 888 .80 4 4 .5 6 .23 6 -8 2 114.2
G EIRecodo BR 1171 1029.30 855 .80 5 6 .0 8 .10 4 -8 8 43.0
S Las Nere Idas I LN 1084 1032.70 853 .90 4 7 .0 6 .1 0 1 -8 6 98 .0
C La Azulrera (Las Nereldas) LNA (Gas) 1032 .20 6 5 4 .50
BRACKISH ACID SULFATE W.
S Termales el Ruiz 1 TR 11460 1041 .50 855 .70 6 4 .0 1.50 1 -8 7 274 .0
S La HetSonda LH 1907 1036 .50 864 .80 13 .0 2 .7 0 1 2 -8 6 92.0
G Aguas Calientes AC 12313 1038 .70 865 .60 6 2 .0 1 .20 4 -8 8 214,0
C Termales El Ruiz TBR 6089 1041 .75 855 .25 36.1 1 .90 6 -8 2 166.3
G Agua Blanca AB 2893 1031 .60 869 .05 3 3 .0 2 .8 0 4 -8 8 402.0
G Rio Guali R3 1837 1035.40 861 .00 3 4 .0 2 .7 0 4 -8 8 238 .0
C Rio Guall 1 RGI (Gas) 1039.60 860 .60
BRACKISH NEUTRAL CHLORIDE W.
C El Bosque B3 1614 1033.80 8 4 8 .40 3 4 .3 6 ,1 6 5 -8 2 44.1
S La Piscina LP 1972 1034.70 8 47 .80 5 9 .0 6 .8 0 1 -8 6 36.0
C El Billar EBt 2424 1034 .90 848 .20 9 1 .7 7 .4 2 5 -8 2 32.1
G Termales Botero Londoflo Spout BL 2530 1035.40 848 .20 9 4 .0 8 .0 0 4 -8 8 48.0
C Hacienda Granates H3 1983 1026 .32 8 7 6 .92 5 4 .5 6.81 6 -8 2 86 .2
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Table 3.1. Continuation.
Name
DILUTE BICARBONATE W.
La Telarafla 
Papayal 
Quebrada La Leona 
Quebrada La Siberia 
Santa Ana 
Quebrada Termales II 
Laguna Chlnchina 
Hacienda Nieto 
Ventlladeros (La Calera) 
Rio Molinos I 
Rio Molinos II 
Rio Molinos III 
LaPoa 
Rio Campo Alegre I 
Rio Campo Alegre II 
Rio Campo Alegre III 
Quebrada La Pirafla 
Murillo
Mg Na K HC03 S04 Cl SI02
2.8 3.4 1.7 42.1 5.8 0.3 31.8
3.7 6 .0 2.7 53.1 8.2 0.7 58.8
1.8 2.8 1.6 27.4 0.9 0.9 34.2
1.8 3.9 2.0 31.1 4.6 0.7 34.2
0.8 1.5 2.1 9.8 4.8 0.2 24.0
1 .7 3.4 1.9 23.8 8.2 0.5 39.0
0 .4 0 .9 0.9 7.3 1.7 0.5 9.0
3 .2 5.7 3.1 42.7 8.2 1.3 58.8
0 .6 2.8 1.8 19.5 2.7 0.3 27.0
4 .9 6.0 2.4 54.3 29,8 1.3 48.6
4.9 6.0 2.4 50.0 30.7 0.1 47.4
3.5 4.8 2.1 34.8 16.3 1.0 46.2
2.3 5.5 3.3 37.8 5.8 0.9 66.0
5.7 6.2 2 .7 50.6 25.0 0.3 55.8
4.9 6 .0 2 .7 51.2 18.7 0.4 53.4
4.9 6 .0 2.7 51.8 18.2 0.4 53.4
1.7 3.7 2 .0 26.8 6.2 0.4 42.6
2 .3 12.6 9 .0 29.3 6.2 14.2 38.4
Fe B Li
0.1
DILUTE ACID WATERS
Fuente Frla Aguas Calien. I 
Rio Redo 
Rio Lagunlllas 
Arenales 
Quebrada Juntas 
Quebrada La Plazuela 
Quebrada Nereidas-Nevado
BRACKISH BICARBONATE W.
La Calera I 
Termales San Luis II 
B Recodo 
Las Nereidas I 
La Azufrera (Las Nereidas)
BRACKISH ACID SULFATE W.
Termales el Ruiz I 
La Hedionda 
Aguas Calientes 
Termales El Ruiz 
Agua Blanca 
RIoGuali 
Rio Guall I
BRACKISH NEUTRAL CHLORIDE W
El Bosque 
La Piscina 
El Billar 
Termales Botero Londoflo Spout 
Hacienda Granates
29 .2 12.0 2.7 85.4 177.6 0.7 72.0
5 .8 11.0 1.8 24.4 57.6 8.5 35.4
4 .7 4.1 1.3 0.0 100.8 1.2 29.4 6.7
6 .3 8.3 3 .0 17.1 72.0 1.4 66.0 0.8
10.1 6.0 2.1 27.4 115.2 0.4 39.6
21 .9 11.5 2.1 0.0 268.8 0.7 52.2
5 .0 3.9 1.1 3.0 76.8 1.1 18.6
18.3 183.9 15.6 567.3 96.0 85.1 102.0 0.5 1.7
2 0 .7 390.8 25 .4 854.0 168.0 212.7 138.0 1.3 3 .6
2 8 .0 145.0 39 .0 321.0 142.0 12.0 202.0 0 .2 0 .7
39 .0 94.0 14.0 457.0 235.0 4.0 155.0 0 .2
251 .0 505.0 211 .0 0.0 9950 .0 1020.0 202.0 152.0 5 .5
58.0 65 .0 16.0 0.0 1940.0 55.0 108.0 100.0 0.4
155.0 280 .0 224 .0 0.0 10670.0 1550.0 154.0 2 08 .0 8.4
133.9 298.9 78.2 0.0 4560 .0 567.2 162.0 3.7
86.0 114.0 15.0 0.0 1850.0 245.0 135.0 3.0 1.3
38.0 33.0 10.0 1260.0 54.0 154.0 16.0 0 .2
I
5 .2 344.9 39.1 225.7 72.0 496.3 84 .0 0.1 9 .9
12.0 369.0 49.0 232.0 23.0 572.0 157.0 0.7 10.7
4.1 528.8 70.4 207.4 39.8 815.3 234 .0 17.3
5.0 610.0 7 8 .0 175.0 41.0 1005.0 180.0 19.0
0 .9 482.8 12.9 152.5 67.2 744.5 72.0 3.4
0.5
1 . 1
0.2
0 .6
0.3
0.4
0.1
2.0
2.0
3.3
3.6
2.5
Table 3.1. Continuation.
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DILUTE BICARBONATE W.
La Tetarafla 
Papayal 
Quebrada La Leona 
Quebrada La Siberia 
Santa Ana 
Quebrada Termales II 
Laguna Chinchina 
Hacienda Nielo 
Ventiladeros (La Calera) 
Rio Molinos I 
Rk> Molinos II 
Rio Molinos III 
La Poa 
Rio Campo Alegre I 
Rio Campo Alegre II 
Rio Campo Alegre III 
Quebrada La PiraAa 
Murillo
DILUTE ACID WATERS
Fuenle Frla Aguas Calien. I 
Rio Recio 
Rio Laguniilas 
A renales 
Quebrada Juntas 
Quebrada La Plazuela 
Quebrada Nereidas-Nevado
BRACKISH BICARBONATE W.
La Calera I o.S
Termales San Luis II 1.1
EIRecodo o .2
Las Nereidas I 0 .4  0.1 0 .2
La Azulrera (Las Nereidas)
BRACKISH ACID SULFATE W.
Termales el Ruiz I 
La HerSonda 
Aguas Calientes 
Termales El Ruiz 
Agua Blanca 
Rio Guali 
RioGuaJI I
0 .6  6.1 6 35 .0  91 .0
2.1 124 .0  4 .0
0 .3  8 13 .0
0 .4
0.1 77 .0
34 .0
BRACKISH NEUTRAL CHLORIDE W.
El Bosque 2 .0
La Piscina 2 .0  0 .3  0 .4
El Billar 3 .3
Termales Bolero Londoflo Spout 3 .8
Hacienda Granates 2 .5
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Sturchio et al. (1988) reported that w aters for cation analyses were
collected directly from the vent of the hot springs. 60 ml. of sam ple were
collected using a  syringe equipped with a  0.45 pm filter. The water was
discharged into 60 ml polyethylene containers, and 5 drops of concentrated 
H N O g  were added. The sam ples for silica analyses were prepared by
diluting 5 ml of filtered water with 25 ml of deionized water, in order to inhibit
precipitation. For sam ples collected for anion and pH analyses, 125 ml of
filtered w ater w as co llec ted  into polyethylene con ta iners. Cation
concentrations w ere determ ined by inductively-coupled p lasm a atomic
emission spectrometry (ICP-AES). Sulfate and chloride were m easured by ion
chrom atography. Fluoride in sam ples having pHs g rea te r than 6 was
determ ined by ion chrom atography. A specific ion electrode was used to
determine fluoride in more acidic sam ples after treatm ent with TISAB (Total
Ionic Strengh Adjustment Buffer). Alkalinity was m easured by titration to pH
4.5. The relative accuracies reported by these  authors for the different
determinations are: Cations ±3% to ±10%, sulfate and chloride ±  5%, and
fluoride ±10%. This methodology of w ater collection and analysis is very
standard . CHEC (1983) and G iggenbach et al. (1990) each  used  a
methodology similar to Sturchio et al.(1988).
The units used to report the data were different for the various authors. 
CHEC (1983) reports the concentrations for Ca, Mg, Na, K, HCOg, S 0 4, Cl,
NOg, and Li a s  milliequivalents/L and S i0 2, B, NH4, and Fe a s  moles/L.
Sturchio et al.(1988) reported the concentrations in mg/L and Giggenbach et 
al. (1990) in mg/kg. In the present work, all the units were converted to mg/kg 
assum ing that the density of the solution is unity because the total dissolved 
solids (TDS) in Ruiz waters is not very high.
PR E V IO U S G EO C H EM IC A L M O D ELS O F NEVADO DEL RUIZ 
HYDROTHERM AL SY STEM
The geotherm al system  of N evado del Ruiz volcano h as been  studied 
previously by Arango et al. (1970), C om pam a H idroelectrica de  C aldas 
(Colombia) CHEC (1983), and more recently, by Sturchio e t al. (1988), and 
G iggenbach  e t al. (1990), an d  Sturchio and  W illiams (1990). Figure 3.1 
illustrates the  a re a  an d  hot springs studied by Sturchio e t al. (1988) and 
G iggenbach et al. (1990). Som e of the  findings in th e se  studies are  p resen ted  
in this section.
Sturchio e t al. (1988) classified the  different hydrotherm al d ischarges 
into four types, according to the  composition of the w aters. They followed the 
g e n e ra l classification sch em e  of Henley et al. (1984), a s  follows: alkali- 
chloride w aters, bicarbonate-sulfate w aters, acid sulfate-chloride w aters, and 
acid sulfate w aters.
The following is a  discussion of the more important findings in each  one 
of th e se  w aters by Sturchio et al. (1988).
a) A lka li-C h lo ride  w a te r . T h ese  w a te rs  d isch arg e  from two g roups of 
boiling springs and  several warm springs on the w estern  side of the  volcano at 
elevations lower than  3000 m. They a re  Botero Londono (BL) and  La Piscina 
(LP). Sturchio et al. (1988) observed tha t La Piscina (LP) and  springs B1 and 
B2 of Botero Londono (BL) to the  w est of Ruiz have  sim ilar conservative 
sp ec ie s  ratios (e.g. B/CI). La Piscina is relatively diluted, with respect to  Botero 
Londono, and  h a s  acqu ired  additional Mg and HCOg. They concluded  La
Piscina and Botero Londono a re  derived from the sam e aquifer.
T able 3 .2  sum m arizes th e  resu lts of various chem ical and  isotopic 
geo th e rm o m ete rs  for th is w ater type. T he bibliographic re fe ren ces for the  
equations u sed  to determ ine th e  tem pera tu res of the  different Na, K, Ca, Mg
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□  sulfate-chloride j 
Q  bicarbonatew. 
O  chloride w a te rs
M AN IZA LES
■ ,/cHATER ,
EL RUIZ
Figure 3.1. Location of hot springs studied by G iggenbach et al. (1990) and 
Sturchio e t al. (1988). D ashed line ABC corresponds to the c ro ss  section of 
N evado  de l Ruiz given in F igure 3 .2  (G iggenbach  e t a l., 1990).
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Table 3.2. Geothermometry of alkali-chloride waters (Sturchio et al., 1988). 
Tem perature in °C.
B1 B2 LP
TSj (quartz-adiabatic) 170 166 155
TSj (quartz-conductive) 182 178 164
TSj (chalcedony) 162 156 141
TNaK 241 241 243
T NaLi 204 221 2 0 0
TNaKCa 2 1 2 214 148
"^NaKCaMg 156 158 68
Ta18o S04-H20  t*) 190 206 152
TA180 S04-H20 175 187 146
Ta18q S04-H20  (IM) 178 191 146
geotherm om eters are  as follows: Na-K geotherm om eter (Fournier, 1979), Na- 
Li geotherm om eter (Fouillac and Michard, 1981), Na-K-Ca geotherm om eter 
(Fournier and  Truesdell, 1973), Na-K-Ca-Mg geotherm om eter (Fournier and 
Potter, 1979). Sturchio et al. indicate that other authors (Fournier and Potter, 
1979) have found that the  Na-K-Ca geotherm om eter give overestim ated 
te m p e ra tu re s  for w a te rs  rich in Mg. T he c o rrec ted  Na-K-Ca-M g 
geotherm om eter gives lower tem peratures, 156° and 158° C for B1 and B2 
and only 6 8° C for LP.
Isotopic geotherm om eters were also used  by Sturchio et al. (1988). In
Table 3.2, the sulfate-water oxygen isotope geotherm om eters for conductive 
heat loss (Ta i 8 q  s o 4 -h2o  ^  'n Table 3.2), one-step  steam  loss (II), and
continuous steam  loss (III) give tem peratures between 146 ° and 206° C. The 
one-step  steam  loss sulfate oxygen isotope geotherm om eter in B1 yields a  
tem perature of 175°C, in agreem ent with the maximum steam  loss quartz- 
adiabatic  silica geotherm om eter. On the  basis of chem ical and  isotopic 
geotherm om eters, it w as concluded that the aquifer for the  alkali-chloride 
w aters has a  tem perature of at least 175°C. In addition, when a  diagram of 
enthalpy versus chloride was considered it w as concluded that one of the 
m echanism s to explain the composition of LP w as mixing of w ater from an 
aquifer at 175°C with 16% cold groundw ater. Botero Londono could be 
derived from the sam e aquifer by steam  loss.
b) B ica rb o n a te -S u lfa te  w a te r. They contain minor am ounts of chloride 
and variable am ounts of sulfate. Las N ereidas (LN), El Recodo (RE) hot 
springs to the west and San Luis (SL), and La Calera (LC) to the NNE (Figure 
3.1) belong to this type. Sturchio et al. (1988) have suggested  that these  
w aters are  produced by dilution of steam  from d eep  boiling alkali-chloride 
w aters with near-surface groundwater. The g a se s  discharged by the boiling
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springs of this type a re  rich in carbon dioxide and  contain variable proportions 
of hydrogen sulfide. Sturchio et al. (1988) have su g g e s te d  a  fault-controlled 
su b su rface  flow of alkali-chloride w a te rs  tow ard th e  WNW of the  volcano 
b e c a u se  the location of bicarbonate and  chloride w aters follow a  linear WNW- 
ESE trend.
c) A cid  S u lfa te -C h lo r id e  w a te r s .  T h ese  w a te rs  o ccu r on th e  northern  
and  easte rn  parts of the  volcano. They a re  rep resen ted  by T erm ales del Ruiz 
(TR), A guas C alientes (AC), and  A guas B lancas (AB) in Figure 3.1. They have 
a  pH lower than  3, Cl concentration > 100 mg/L, and  S/Cl m ass  concentration 
ratio > 5. Similar B/CI for th e se  w a ters  led Sturchio et al. (1988) to  conclude 
that all the acid w aters a re  derived from w aters of a  d eep  acid-sulfate-chloride 
rese rv o ir m ixed with various p roportions of shallow  dilute g roundw ater. 
Sturchio et al. (1988) have postu la ted  severa l origins for th e se  w aters and  
s u g g e s t  th a t th e  m ost p ro b ab le  o n e  is from th e  co n d en sa tio n  of high 
tem p era tu re  m agm atic g a s e s  into sub su rface  w aters, b e c a u se  tha t p ro cess  
explains the  high concentra tion  of su lfa te , chloride and  fluoride in th e  m ost 
brackish acid w aters. Sturchio e t al. (1988) have su g g e s te d  tha t the  acid 
w a ters  m ay have originated by interaction of m agm atic  g a s e s  with shallow  
groundw ater.
d) A cid S u lfa te  w a te r . T h ese  form the  Rio Guali (RG) an d  La H edionda 
(LH) sp rings on th e  north s ide  of th e  vo lcano  (Figure 3.1) a t very high 
elevation. They have  low pH, Cl concen tra tion  < 1 0 0  mg/L an d  S/Cl m ass  
concentra tion  ratio > 5. They a re  m ore dilute than  th e  acid sulfate-chloride 
w aters. They could have acquired the  e x c e ss  sulfate from shallow  oxidation of
h 2 s .
Sturchio et al. have proposed  a  geochem ical m odel for N evado del Ruiz 
hydrotherm al system . This m odel d ivides th e  geo therm al sy stem  into two
se p a ra te  circulation system s: an alkali-chloride system  ben ea th  th e  w estern 
slope of the volcano and an acid sulfate-chloride system  on the northern and 
eastern  slope of the  volcano at higher elevation.
In addition to the  very high sulfur dioxide em ission of Nevado del Ruiz 
and  the  p resen ce  of very acid-rich sulfate w aters in the  hydrotherm al system , 
Sturchio and  Williams (1990) have identified a  transient increase  in sulfate in 
the  w aters of A guas C alientes (AC) and  T erm ales del Ruiz (TR) (Figure 3.1) 
after th e  1985 eruption. A pulse of sulfate-rich fluids w as injected into the  
sy s te m  an d  d e te c te d  a t th e s e  two s ite s  a s  it d isp e rse d  th rough  th e  
hydrotherm al w aters.
G iggenbach et al. (1990) have studied  the hydrotherm al system  of 
Nevado del Ruiz em phasizing the g a s  geochem istry. A review of their work is 
p resen ted  in C hapter 7 of this work. A brief sum m ary of their work in g a se s  is 
p resen ted  here  only to understand  the  o ther geochem ical model proposed by 
them  for N evado del Ruiz. G iggenbach et al. (1990) have studied the  vapor 
d ischarges a t Ruiz and found that the  g a se s  at El Ruiz c ra ter and  the  Azufrera 
Las N ereidas (LNA), to the w est of the  crater, contain sulfur dioxide which is 
an  important m agm atic indicator. They com pared  the  HCI, H2S, S 0 2, C 0 2,
CO, CH4 , and N2 con ten t of the  Ruiz w a te rs  with d a ta  from other 
hydrotherm al and  m agm atic system s of the  world and  considered  the  redox 
reactions happening at volcanic hydrotherm al system s. They concluded that 
the  g a se s  re leased  from N evado del Ruiz a re  likely to be of m agm atic origin. 
They p ro p o se  that the  acid  m agm atic g a s e s  such  a s  HCI and  S 0 2 a re
abso rbed  by w ater on contact and prom ote water-rock reactions.
They a lso  studied the  w ater chem istry and divided the w aters according 
to the  main anion p resen t into acid sulfate, bicarbonate, and  neutral chloride 
w aters  (Figure 3.1). They observed  that the  S/Cl ratio of the  acid  sulfate
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w aters a re  c lose  to those  a t m agm atic-gas d ischarges. They indicate that the 
com position of th e  acid sulfate w ater of A guas C alien tes to the  north of Ruiz, 
and  T erm ales del Ruiz to the NW (AC and TR in Figure 3.1) a re  close to the 
com position ob tained  if 10 g r of pyroclastic rock from N evado del Ruiz a re  
d isso lved  in 1 kg of w ater. They constructed  Cl, B, Li triangular d iagram s for 
N evado del Ruiz w aters and  found an  ap p aren t lack of mixing of the  acid 
sulfate with the  chloride w aters. They observed  tha t the  neutral chloride w ater 
of H acienda G ra n a tes  to th e  SE have similar Cl/B ratio than  the  acid w aters 
but a  different Li/Cl. They su ggested  different origins for the  acid sulfate w aters 
and  H acienda G ranates .
G ig g en b ach  e t al. (1990) have p ro p o sed  a  g eo ch em ica l m odel to
explain th e  distribution of w a ters  and  g a s e s  in th is volcanic system . They
h a v e  p ro p o se d  th a t a  tw o -p h ase  v ap o r brine e n v e lo p e  su rro u n d s  th e
m agm atic system . According to this model, the  m agm atic system  is a  s tagnan t
and  extensively  d e g a ss e d  large body (Figure 3.2). They a ssu m e d  isotropic
and  reasonab le  perm eability conditions at depth. Isotherm s w ere constructed
assu m in g  e ssen tia lly  conductive h ea t tran s fe r  and  a  therm al g rad ien t of
50°C /km  ou tside  th e  m agm atic system . T he dep th  of the  m agm atic body is
a ssu m e d  to be  about 8  km. The extent of the  vapor-brine zone d ep en d s on the 
c o n te n t of n o n -c o n d e n sa b le  g a s e s  a s  H2 S , S 0 2 , C 0 2 , an d  N2 . T he
absorp tion  of m agm atic  g a s e s  into th e  geo therm al sy s tem  is a ssu m e d  to 
p roduce  the  strong acid sulfate-chloride im m ature w aters. T he vapor brine is 
p roduced  by th e  interaction of th e  m agm atic  g a s e s  with g roundw ate r and  
chem ical reaction with the  country rock.
Their m odel p resen ts  a  very low perm eability c a ra p a c e  surrounding the  
prim ary neutralization zone. This c a ra p a c e  b reak s w hen th e  fluid p ressu re  
in c reases  and  perm its leaking of g a s e s  to the  ou ter parts of the  system . They
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Figure 3.2. G eochem ical m odel of N evado del Ruiz volcano p roposed  by 
Giggenbach et al. (1990). The c ro ss section rep resen ts the line ABC in Figure
1.5. The distribution of the  different types of fluids is show n and  the heavy 
d ashed  line represents the position of a  chemically sea led  carapace.
suggest that several p ro cesses  can contribute to the formation of the 
carapace: evaporation of the brine and precipitation of minerals such as silica, 
chem ical reaction of the volcanic rocks with the fluid to produce more 
voluminous secondary  minerals such a s  anhydrite, alunite, and clays. 
Chloride w aters are  proposed to exist outside the vapor-brine envelope 
surrounding the magmatic environment. They propose that the apparent lack 
of mixing between the neutral chloride and the acid sulfate waters may reflect 
only that they interact with different kind of rocks. Deep in the system the fluids 
move slower and could interact with sedim entary to m etam orphic rocks 
forming the basem ent. They suggest that deep in the system  these  two types 
of w aters could be mixing. The bicarbonate w aters are  assum ed  to be 
produced by boiling of the neutral chloride waters. The arrows in the model 
indicate the general direction of fluid movement.
Giggenbach et al. (1990) indicate that before the 1985 eruption, the 
w eakest part of the carapace is likely to be the most recent vent (El Ruiz 
crater) filled with debris from the last eruption. They suggest that the cause of 
the banded tremor before the 1985 eruption, which was studied by Martinelli 
(1990), is the re lease  of g a se s  at regular intervals through the  valve 
represented by the volcanic conduit.
CLASSIFICATION OF WATERS IN THIS STUDY
Giggenbach et al. (1990) divided the w aters according to the main 
anion into acid sulfate, bicarbonate, and neutral chloride waters. The area  
covered by Sturchio et al. (1988) and Giggenbach et al. (1990) is larger than 
the area  selected for this work. However, these  authors studied only the more 
brackish (higher TDS) waters. They did not consider other dilute w aters 
reported by CHEC. In the present work, all the discharges reported in the 
study a rea  are  considered, including those with low TDS and discharge
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tem pera tu res. Figure 3.3 show s the  TDS content of the  different d ischarges. 
There is a  wide range of concentrations, from 22 mg/kg up to 12300 mg/kg. On 
a  triangular diagram  for the  th ree  main anions, HCOg", C l" , and  S 0 42", the
w a te rs  plot in th ree  w ell-defined and  s e p a ra te  fields {Figure 3.4). In 
con seq u en ce , the  division of the w aters given by G iggenbach et al. (1990) is 
rea so n ab le , even  w hen the  low TDS w aters  a re  included. However, a  
com parison of d a ta  in Table 3.1 and  Figure 3.4 indicates that all the  neutral 
chloride w aters have a  high TDS. For that reason , the  w aters in this study 
w ere divided into 2 types according to their TDS: dilute (TDS < 1000 mg/kg) 
and  brackish w aters (TDS > 1000 mg/kg). The combination of dom inant anion 
and  TDS g en era te s  five types of w aters: dilute acid w aters, dilute bicarbonate 
w a te rs , b rack ish  acid  su lfa te  w a te rs , brackish  b icarbonate  w a ters , and  
brackish neutral chloride w aters. The dilute w aters are  not rep resen ted  in the  
neutral chloride w aters. If the  neutral chloride w aters are  the  result of extensive 
w ater-rock interactions, a s  p roposed  by G iggenbach (1988), and  th e  dilute 
w a te rs  have not reac ted  with the  rock long enough  they  should not be 
rep resen ted  in this w ater type.
SPATIAL DISTRIBUTION OF MAJOR WATER TYPES
Figure 3.5 p resen ts the  spatial distribution of the  five types of w aters. 
The large sym bols rep resen t the brackish w aters and  the  small sym bols the  
dilute w aters. The triangles represent the bicarbonate w aters, the  sq u a res  the 
acid sulfate w aters, and  the  circles the  neutral chloride w aters. On this m ap, 
all the  neutral chloride w aters occur on the  w estern slope of the  volcano, with 
the exception of H acienda G ranates to the  sou theast. The acid sulfate w aters 
a p p ea r to be broadly aligned with the  trace  of Villa M aria-Term ales fault and to 
a  lesse r d eg ree  with the Palestina fault. At the  volcano summit, th e se  two faults 
ap p ea r  to be  buried by the recent volcanid products of N evado del Ruiz. The
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bicarbonate w aters are  more w idespread. Most of the dilute w aters belong to 
the bicarbonate type.
The Villam aria-Term ales fault ap p ea rs  to cross the  volcano from NW to 
SE. This is the  only seismically active fault in the  a rea , according to Zollweg 
(1990). Seism ic so u rces  (Munoz et al., 1990) a re  identified n ear th is fault, 
especially  the  NW and  E so u rces  in Figure 2.3. The fault m ovem ent could 
m ake this fault more perm eable, and  thus facilitate the  migration of m agm atic 
g a s e s  to shallow er regions and mixing of th ese  fluids with groundw ater. This 
m echanism  could explain the existence of the highly saline acid sulfate w ater 
and  its correlation with the fault. T he zone is extensevely faulted and  som e of 
the  faults that in tersect the  Villam aria-Term ales fault could facilitate the  fluid 
flow, a s  it ap p ea rs  to occur with the Palestina fault.
COM POSITIONAL VARIATION W ITHIN MAJOR W ATER TYPES
Many concen tra tion  sc a tte r  plots w ere co n stru c ted , to  investigate  
possib le  com positional tren d s  an d  infer different chem ical p ro c e s s e s  at 
N evado del Ruiz. T hese  diagram s a re  especially important to understand  the 
possible so u rces and sinks of chem ical sp ec ie s  in the system . A well-defined 
functional relationship betw een  th e  concentra tions of two chem ical sp ec ies  
can  be the  result of p ro cesses  such  a s  mixing or chem ical reaction. Physical 
mixing of two distinct w ater types will produce a  linear function betw een the 
concentra tions of two chem ical sp ec ies , a  w ater plotting on that line can  be 
considered  a s  derived from mixing of the  two end m em ber w aters. The plots 
which show ed better-defined relations of concentrations a re  p resen ted  in this 
section.
Cation vs. sum anions diagrams
Figures 3.6 to 3.10 p resen t log cation concentration v e rsu s  log sum 
anion concen tra tion  for e ac h  type  of w ater. The rea so n  for p resen ting
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Figure 3.6. Log cation concentration versus sum  concentration of anions for 
the dilute b icarbonate w aters of Nevado del Ruiz. Calcium is the  dom inant 
cation for th e se  waters.
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Figure 3.7. Log cation concentration versus log sum  concentration of anions 
for the brackish bicarbonate w aters of Nevado del Ruiz. The dom inant cation 
is Na.
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Figure 3.8. Log cation concentration versus log sum concentration of anions 
for the dilute acid sulfate waters of Nevado del Ruiz. The dominant cations are 
calcium and magnesium.
o
CO
V
CD
E.
com .
CO01 I
O)o
2
1
0
-1
□ log C a
• log Mg
■ log Na
o log K
■ log Al
“ ■ 1.4 1 .6  1.8 2 .0  2 .2  2 .4  2 .6
log [sum anions (meq/kg solution)]
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for the brackish acid sulfate w aters of Nevado del Ruiz. Al and Na are the 
dominant cations in the more saline waters and calcium in the more dilute 
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for the  Nevado del Ruiz brackish neutral chloride w aters. Na is the  dom inant 
cation in th ese  waters.
logarithmic diagram s instead of linear plots is the large variation in the 
concentration of these  waters. The scatter plots allow a  visual identification of 
the dominant cation for each water type, as well a s the relative abundance of 
the other cations. In that way, a  comparison between the different water types 
can  be established , and m echanism s to explain relative abundances of 
cations can be evaluated. The concentrations are given in milliequivalents/kg 
solution in each case.
B ica rb o n a te  w a te rs . For the dilute bicarbonate w aters (Figures 3.6), the 
main cation on an equivalent basis is calcium. In most cases , this is followed 
by magnesium, sodium, and potassium. The alkaline earth cations dominate 
thus the chemistry of the dilute bicarbonate w aters. For the brackish 
bicarbonate waters of Figure 3.7, Na is the dominant cation. It is followed by 
Ca, and Mg. K has the lowest concentration of the main cations for the 
brackish bicarbonate waters.
Acid su lfa te  w a te rs . The dilute acid sulfate w aters of Figure 3.8 are similar 
to the dilute bicarbonate w aters because they present C a as the dominant 
cation. The brackish acid sulfate waters of Figure 3.9 have been subdivided 
in two groups, because they do not have a  unique dominant cation. The more 
brackish waters (higher sum of anions) of Term ales del Ruiz (TR) and Aguas 
Calientes (AC) have aluminum a s  the dominant cation. It is followed by Na 
and Mg, in almost equal concentration. For these  two hot springs, Ca and K 
have the lower concentrations. Termales El Ruiz I (TER) behaves similarly but 
Al data  were not reported for this site. The fresher waters of Rio Gauli (RG), 
Aguas Blancas (AB), and La Hedionda (LH) are richer in the proportion of 
calcium and magnesium and are thus similar to the dilute waters.
N eu tra l c h lo rid e  w a te rs . Figure 3.10 for the brackish bicarbonate and 
chloride w aters has a  similar sequence of cations, Na is the dominant cation
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for th e se  w aters. For the neutral chloride w aters, the lowest concentration 
main cation is Mg.
G raphs 3.11 to 3 .14 illustrate be tter the  variation of the  cation 
concen tra tions with the  anion con ten t (and increasing TDS) for each  
individual main cation. Logarithmic plots are  p resen ted  in order to be tter 
rep resen t the  wide range of variations in concentration of th ese  w aters. In 
Figure 3.11 it can be observed that the  concentration of C a increases rapidly 
with anion concentration for the dilute w aters and more slowly for the brackish 
w aters. Each w ater type falls in a  very well-defined field. The relative 
depletion of calcium in the  brackish chloride w aters (circles) is c lear in this 
d iagram . The behavior of m agnesium  in Figure 3.12 is similar to that of 
calcium. The m agnesium  depletion of the brackish chloride w aters is stronger 
than for calcium.
Figure 3.13 show s that the Na concentration in c reases  steadily in a  
linear fashion for the bicarbonate and chloride w aters on one line and  the acid 
sulfate w aters on ano ther line. The Na concentrations a re  higher in the 
bicarbonate and  chloride w aters than for acid sulfate waters. Figure 3.14 for K 
is similar to the  Na behavior but the data  points are more dispersed.
Chloride versus Boron
Figure 3.15 show s the diagram s for Cl versus B for the  brackish waters 
of Nevado del Ruiz. B w as not determ ined for the dilute w aters. Two very well 
defined mixing lines can  be identified in this diagram : one for the acid sulfate 
w aters and  o ther for the  b icarbonate  and  neutral chloride w aters. Only 
H acienda G ranates (HG), to the  NE of the volcano seem s to be depleted in B, 
with respect to the other neutral chloride waters.
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Figure 3.11. Log Ca concentration versus sum anions for the Nevado del Ruiz 
w aters. Small triangles rep resen t the  dilute bicarbonate w aters; small 
sq u a re s , the  dilute acid sulfate w aters; large triangles, the  brackish 
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Figure 3.12. Log Mg concentration versus log sum  anions for Nevado del Ruiz 
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Cations versus Chloride
Figures 3.16 to 3.20 show  Li, Na, K, Ca, and  Mg versus Cl, respectively. 
Figure 3.16 for Li show s two mixing lines for the  brackish w aters. T he acid 
sulfate w aters plot on a  single line. A guas C alien tes (AC), to th e  north of the 
volcano, a p p e a rs  enriched in Cl with respec t to th e  o ther acid w a ters  in all of 
the  d iag ram s for th e  brackish w aters. T he b icarbonate  and  neutral chloride 
w aters fall on the  o ther mixing line.
The relations betw een K and  Cl and  betw een Na and  Cl a re  illustrated 
in F igures 3 .17 and 3.18. In both d iagram s, each  brackish w ater type follows a  
linear trend (3 .17a and 3.18a). The bicarbonate w aters follow a  s te ep e r line, i. 
e . they  a re  en riched  in K and  Na relative to  th e  acid su lfa te  an d  neutral 
chloride w aters. The acid sulfate w aters follow o ther linear trend  close to the  
neu tra l chloride w a te rs . T he only spring which falls off th e  line is A guas 
C alien tes (AC), which lies to the  north of the V illam aria-Term ales fault, on the  
P a les tin a  fault (Figure 3.5). T he acid sulfate w aters a re  enriched  in K, with 
re sp ec t to th e  chloride w aters. T he chloride w aters a re  richer in Na than  the  
acid  su lfa te  w aters. The dilute w aters (Fig. 3 .17b  and  3.18b) p re se n t very 
diffuse d a ta  an d  it is not possible to identify a  c lear trend.
Figures 3 .19 and  3.20 show  C a and  Mg versus Cl for the  brackish and  
the  dilute w aters, respectively. The d a ta  for C a in Figure 3 .1 9 a  looks d ispersed  
but each  w ater type falls in a  defined field. In Figure 3 .2 0 a  the  acid  sulfate 
w aters and  the  brackish b icarbonate to g e th er with the  neutral chloride, fall in 
two se p a ra te  linear tren d s for Mg. The dilute w a ters  (Fig. 3 .19b an d  3.20b) 
p resen t very d ispersed  d a ta  and  it is not possible to  identify a  c lear trend.
W hen th e  sum  of Na+K is plotted against chloride, a  linear trend  with a  
slope  c lo se  to 1 is ob tained  for the  acid sulfate an d  chloride w a ters  (Figure 
3.21). Only the  bicarbonate w aters plot above th is line. Na and  K in the  acid
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Figure 3.16. Li versus Cl for Nevado del Ruiz waters. Two mixing lines can be 
identified. Symbols a s  in Figure 3 .1 1 .
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Figure 3.17. Na versus chloride concentration for Nevado del Ruiz waters.
a) Brackish waters. Three lines can be identified, one for each water type.
b) Dilute waters. Symbols as in Figure 3.11.
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Figure 3.18. K versus chloride concentration for Nevado del Ruiz waters.
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Figure 3.19. Ca versus chloride concentration for Nevado del Ruiz waters, 
a) Brackish waters, b) Dilute waters. Symbols as in Figure 3.11.
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Figure 3.20. Mg versus chloride concentration for Nevado del Ruiz waters, 
a) Brackish waters. Two lines can be identified, one for acid sulfate waters 
and other for the bicarbonate and neutral chloride waters, b) Dilute waters. 
Symbols as in Figure 3.11.
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Figure 3.21. Na + K concentration versu s chloride tor Nevado del Ruiz waters. 
Sym bols a s  in Figure 3.11. Na and  K in the acid sulfate and  th e  neutral 
chloride w aters seem  to be ba lanced  by chloride. B icarbonate w aters are  
enriched in Na and K.
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sulfate and neutral chloride w aters seem  to be balanced  by chloride. 
Bicarbonate w aters are enriched in Na and K.
Boron versus Sulfate
Figure 3.22 show s B versus sulfate for the brackish waters of Nevado 
del Ruiz. Again the neutral chloride w aters fall together with the bicarbonate 
w aters in single mixing line. The acid sulfate w aters follow another linear 
trend.
Cations versus Sulfate
Figures 3.23 to 3.26 presen t Na, K, C a, and Mg versus sulfate. The 
brackish w aters in figures 3.23a and 3.24a for Na and K show two well defined 
linear trends, one for the acid sulfate w aters and another for the bicarbonate 
and neutral chloride waters. The similar diagram s for the dilute w aters (3.23b 
and 3.24b) have dispersed data points that fall in well defined fields but do not 
follow a  linear trend.
Mg and C a follow well-defined trends when plotted against sulfate 
(Figures 3.25 and 3.26). Mg increases steadily with sulfate for the acid sulfate 
brackish w aters. This is consisten t with the increase  of Mg and  silica, 
indicating the possible hydrolysis of Mg silicates by the strong sulfuric acid 
waters. Calcium also show s a  linear behavior. Two lines can be identified in 
this case , one for the dilute waters Aguas Blancas (AB), and Rio Guali (RG) 
and another for La Hedionda (LH), Term ales El Ruiz I (TER), and Term ales del 
Ruiz (TR). T hese two lines are  not related with any particular fault in the region. 
T hese w aters are  far from neutralization and the  concentration of hydrogen 
ion is very high. The dilute w aters in Figure 3.25b and 3.26b show  an 
increasing concentration of C a and Mg with increasing sulfate, but the 
tendency is not linear.
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Figure 3.23. Na versus S 0 4 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters. Two mixing lines can be identified in this diagram. 
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Figure 3.24. K versus S 0 4 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters. Two mixing lines can be identified in this diagram. 
One for the acid sulfate and another for the bicarbonate and neutral chloride 
waters, b) Dilute waters.
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Figure 3.25. Ca versus S 0 4 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters. Two linear trends can be identified for the acid 
sulfate waters, b) Dilute waters.
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Figure 3.26. Mg versus S 0 4 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters. One mixing line can be identified for the acid sulfate 
waters, b) Dilute waters.
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Cations versus Bicarbonate
Figures 3.27 and 3.28 show Na and K versus bicarbonate respectively. 
Figures 3 .27a and 3 .28a indicate that the brackish chloride w aters are rich in 
Na and K, with respect to the bicarbonate w aters. Each w ater type falls in a  
well defined field but do es not follow a  linear trend. The dilute w aters (Figures 
3.27b and 3.28b), on the other hand present linear trends for the bicarbonate 
w aters and a  more d ispersed  field for the acid sulfate waters.
Figure 3 .29a and 3 .30a for C a  and Mg show that the  brackish w aters 
show  an in c rease  in th e  concentra tion  of C a  and  Mg with increasing  
bicarbonate in a  d ispersed  m anner. C a and Mg for the  dilute w aters (Figures 
3.29b and  3.30b) behave in a  similar way to Na and K in th e se  types of 
diagram s.
Cations versus Silica
Figures 3.31 to 3.34 present the major cations Na, K, Ca, and  Mg versus 
silica. T hese  figures illustrate that the w aters increase  in cation content with 
increasing silica. The d a ta  points for the acid sulfate brackish w aters appear to 
follow a  defined curvilinear trend . The b icarbonate  and neutral chloride 
brackish w aters p resen t m ore d isp e rsed  da ta . The dilute acid w aters in 
Figures 3.31 b, 3.33b, and 3.34b are  rich in cations when com pared with the 
bicarbonate w aters. Figure 3.32b for K indicates that the dilute acid w aters 
together with the  bicarbonate w aters follow a  linear trend.
ISO TO PIC CO M PO SITION
The isotopic composition of S, O, C, and  H for the Ruiz fluids h as  been 
studied by several authors. The isotopic d a ta  reported for different au thors is 
p resen ted  in Table 3.3. Sturchio et al. (1988) have studied the  oxygen and  
hydrogen iso topes in this hydrothermal system . They have constructed  the
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Figure 3.27. Na versus HC03 for Nevado del Ruiz waters. Symbols as in 
Figure 3.11. a) Brackish waters, b) Dilute waters.
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Figure 3.28. K versus HC03 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters, b) Dilute waters.
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Figure 3.29. Ca versus H C03 for Nevado del Ruiz waters. Symbols as in 
Figure 3.11. a) Brackish waters, b) Dilute waters.
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Figure 3.30. Mg versus H C03 for Nevado del Ruiz waters. Symbols as in 
Figure 3.11. a) Brackish waters, b) Dilute waters.
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Figure 3.31. Na versus S i02 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters, b) Dilute waters.
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Figure 3.32. Ca versus S i02 for Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters, b) Dilute waters.
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Figure 3.33. Ca versus S i02 tor Nevado del Ruiz waters. Symbols as in Figure
3.11. a) Brackish waters, b) Dilute waters.
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Table 3.3. H, 0 , C, and S isotopic composition of Nevado del Ruiz volcano hydrothermal system (%o).
Initials Location Date Elev. (m) 5D 3H(TU) 8180
h 2 o
8 180
so4
6 13C S 3 4 S
Se
8 34S
h 2s
8 34S
so4
BLs B. Londofio spout Jan-86 2420 -94 - -11.5 -1.68 -8.86 . 10.2
BLs B. Londofio spout Apr-88 - - - - - - - -1.4 10.3
BLp B. Londofio pool May-82 2530 - 4.4 -11.2 - - . - -
BLp B. Londofio pool Jan-86 2530 i ID j*. - -11.4 -2.45 -11.40 - -
LP La Piscina May-82 2600 - 4.2 -11.9 - - _ - -
LP La Piscina Jan-86 2600 I CO o - -11.2 1.10 -14.00 . - _
LN Las Nereidas Jan-86 3380 -96 - -13.5 - - . - _
LN Las Nereidas May-86 3380 - - - - -14.60 - -
LN Las Nereidas S ep-86 - - -13.5 - - - 2 . 4 -1.5 -
RE El Recodo Jun-82 4100 - 0.8 -15.1 - - _ - .
RE El Recodo May-86 4100 - - - - -9.91 _ - -
RE El Recodo Apr-88 - - -15.1 - - • - 11.9
AC Aguas Calientes May-82 3780 - 5.1 -12.7 - - - - -
AC Aguas Calientes Feb-86 3780 -98 - -12.6 - - * - 19.6
AC Aguas Calientes Apr-88 - - - 10.50 - - 1 5 . 3 -14.1 19.9
TR Termales del R. May-82 3440 - 1.9 -13.1 - - . - -
TR Termales del R. Jan-86 3440 -104 - -13.4 - - - -
TR Termales del R. Apr-88 - - - 7.90 - . - 19.5
AB Aguas Blancas Jun-86 3800 -106 - -14.5 - - - 9.3
AB Aguas Blancas Apr-88 - - - 11.90 - - - 9.6
RG Rio Guali Jan-86 4640 -114 - -15.3 - - _ - -2.1
RG R b Guali Apr-88 - - - 9.60 - - - 0.6
HE La Hedionda May-82 3860 - 8.4 -14.4 - - - - -
Data for 834S from Williams et al. (1990). Other isotopes: Data for 1982 from CHEC (1983), 
data for 1986 from Sturchio et al. (1988), data for 1988 from Giggenbach et al. (1990).
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diagram presented in Figure 3.35 for 5 D versus 5 1sO. The line in the diagram 
indicates the composition of meteoric water. Sam ples B1S and B2S were 
taken from two stream s close to springs B1 and B2. The Botero Londofio 
springs B1 and B2 have the  sam e isotopic com position, close to the 
composition of B1S. Q uebrada Las Nereidas {sample B1S) has a  larger 
drainage a rea  than B2S on the upper elevations of the volcano. For that 
reason, Sturchio et al. (1988) concluded that the ground w ater reservoir for 
Botero Londofio is recharged at higher elevations. They observe that the 
composition of La Piscina (LP) is consistent with a mixture of water from the 
Botero Londofio reservoir and surface water like B2S. They have stated that 
the oxygen and hydrogen isotopic composition of the dilute acid waters at Ruiz 
(i.e. Rio Guali and Aguas Blancas, GU and AB in Figure 3.35) indicate a  local 
surface w ater source, melt-water from the ice cap, with a  very low degree of 
water-rock interaction. MOS and GUS were taken from nearby stream s close 
to the ice cap. They indicate that the more concentrated w aters like Aguas 
Calientes and Term ales del Ruiz (AC and RB in Figure 3.35) are enriched with 
180 . They suggest that enrichment could be produced by boiling, water-rock 
oxygen exchange, or mixing of meteoric water with w ater condensed from 
magmatic gases . Sturchio et al. (1988) refer to primary magmatic water with 
8 D between -80 and -40 and 8180  between 5.5 and 9.5. B ecause the 5180  
from the geothermal waters of Ruiz is not displaced more than 2 °/oo from the 
meteoric water line, they concluded their magmatic water content should be 
less than 10%.
The w aters of Nevado del Ruiz w ere analyzed for tritium by 
CHEC(1983). Sturchio et al. (1988) have interpreted these  data  for tritium. 
They consider that because tritium has a  half-life of 12.3 years and the pre- 
atomic bomb precipitation in Colombia probably had about 5 TU, by 1982 the
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Figure 3.35. Isotopic composition of Nevado del Ruiz waters (Sturchio et al., 
1988).
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w aters should have had less than 1 TU, if they did not mix with post-bomb 
w aters. Sturchio et al. (1988) used  tritium to estim ate the residence time of
f
Ruiz waters. Using the piston flow model and the well-mixed reservoir model, 
a  residence time of 15 years has been calculated for Aguas Calientes and 
100-150 years for Term ales del Ruiz. They calculated the residence time for 
the neutral chloride w aters B2 and LP to be betw een 8  and 25 years. They 
concluded that if there exists a  deep  chloride reservoir at Nevado del Ruiz, it is 
not discharged directly to the surface but instead it mixes in a  relatively small 
proportion with young waters. Sturchio et al. note that El Recodo (RE in Figure 
3.5) to the SW of Ruiz has a  very low concentration of tritium (0.8 TU) which 
indicates a  long residence time, 250 years or more.
The sulfur isotopic composition of Ruiz w aters has been  studied by 
Williams et al. (1990). They found that Aguas Calientes (AC) and Term ales del 
Ruiz (TR) have S34S between +19 and +20. T hese values are consistent with 
other volcanic springs in Japan, where sulfur is assum ed to be derived from 
m agm atic g a ses . G iggenbach et al. (1990) studied the  180  content of the 
dissolved sulfate and the  34S contents of sulfate and hydrogen sulfide. In that 
study it w as estim ated the  tem perature at which 1sO should fractionate 
betw een sulfate and water if this process were in equilibrium. They found the 
acid w aters a re  close to equilibrium a t the d ischarge tem pera tu re  and 
concluded that this is consistent with their low pH. This kinetically favored 
fractionation process reaches equilibrium in the order of several w eeks. For 
the  neutral chloride w aters, G iggenbach et al. (1990) found higher than 
discharge tem peratures, 143°C for La Piscina and 187°C for Botero Londofio. 
They explain th e se  tem pera tu res are  consisten t with the  tem pera tu res 
reported by the  other geotherm om eters and that they reflect equilibrium at 
depth. They indicate that, at the range of pH of the neutral chloride waters, the
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iso top ic  e x c h a n g e  reaction  occu rs very slowly an d  n e e d s  h u n d red s  to 
th o u sa n d s  of y e a rs  to reach  equilibrium. They concluded th e  neutral chloride 
w aters  have resided at the  lower levels of Ruiz for a  long period of time.
For th e  fractionation  of 34S be tw een  su lfa te  an d  hydrogen  sulfide, 
G iggenbach  e t al. found th a t Botero Londono (BL in Figure 3.5) g ives an 
un rea lis tic  te m p e ra tu re  ab o v e  500°C  and  A guas C a lien tes  (AC) 166°C , 
su g g estin g  non-equilibrium  for Botero Londono an d  equilibrium  for A guas 
C alien tes. T hey explain that th is fractionation reaction is very slow a t neutral 
pH s and faster a t low pHs. They observed  that the  isotopic com position of H2S
is very similar, for Botero Londono and  Las N ereidas (LN in Figure 3.5), a  
b icarbonate w ater to the  w est of Ruiz, suggesting a  com m on parent water.
G iggenbach  e t al. (1990) stud ied  the  sulfur isotopic com position for the 
volcanic plume reported  by Williams e t al. (1990) and  th e  com position of the  
g a s e s  from th e  c ra te r  before th e  1985 eruption. T hey concluded  th a t the  
av e rag e  oxidation s ta te  of sulfur for th e  m agm atic g a s e s  is n = 1 .8 , th e  ratio 
S 0 2/H2S = 1.7, and  the sulfur isotopic com position is +2  °/oo. T h ese  g a s e s  are
ab so rb ed  into shallow  groundw aters leading to  the  form ation of strong acid- 
sulfate-chloride w aters (Williams et al., 1990 and  Sturchio e t al., 1988).
The helium isotopic ratio 3He/4He h as  been  m easu red  by Williams et al. 
(1987) and  S an o  et al. (1990) after th e  N ovem ber 1985 eruption  and  an 
im portant com ponent of mantle helium in th e se  springs h as  been  sug g ested . 
T he va lues for 3 H e/4He a re  severa l tim es Ra, the  air-corrected  value divided 
by the  atm ospheric  ratio. T he values varied with tim e after the  1985 eruption. 
A pu lse  of m antle helium traveling through th e  volcano w as identified after this 
eruption. A very high fluid flow velocity (~ 40 m /day) h a s  b een  su g g e s te d  in 
o rder to explain th e  m ass  transfer of helium (Sano et al., 1990).
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SUM M ARY
The more important aspects studied in this chapter are discussed in this 
section. The waters from Nevado del Ruiz volcano can be divided into 5 types, 
according to their total dissolved solids and main anion. T hese  types are: 
dilute acid  su lfa te , dilute b icarbonate , brackish acid su lfa te , brackish 
bicarbonate, and brackish neutral chloride w aters. The dilute w aters have a 
TDS lower than 1000 ppm. W hen th ese  w aters are  plotted on a  map 
containing the main faults and alignm ents at Ruiz, the  acid sulfate w aters are 
shown to fall near the Villamaria-Termales faults and, to a  lesser degree near 
the  P alestina fault. This su g g ests  that the seism ically-active Villamarfa- 
T erm ales fault is closely connected  with the hydrotherm al system . High 
permeability on th ese  two faults appears to allow the migration of magmatic 
g a se s  to shallow er depths where they mix with groundw ater to produce the 
acid-sulfate waters.
The more dilute w aters are  characterized by calcium as  the dominant 
cation, in contrast with the more saline w aters, which have sodium  a s  the 
dominant cation. Aluminum is the dominant cation in the w aters with highest 
TDS, which also have the highest concentration of silica and m agnesium  and 
have low pH.
The more restricted  a re a  defined in the  p resen t work, allowed 
construction of concentration diagram s a s  those presented in Figures 3.15 to 
3.34. The sca tter diagram s for the conservative spec ies  Cl, Li and B in 
Figures 3.15 and 3.16, a s  well a s  the diagram s for B v s .S 0 4 (Figure 3.22a), Na 
vs. (Figure 3.23a), K vs. S 0 4 (Figure 3.24a) for the brackish w aters allow a  
c lear delineation of two different w ater types in this hydrothermal field. One 
chem ical type is defined by the acid sulfate w aters because  they fall on a
single mixing line. The o ther w ater system  is form ed by th e  b icarbonate  and  
th e  neutral chloride w aters, which fall to g e th er on an o th e r mixing line in the  
d iag ram s. Only H acien d a  G ra n a te s  looks d e p le ted  in B in Figure 3.15. 
However, in all the  o ther d iagram s its alignm ent with the  o ther neutral chloride 
w aters  su g g e s ts  it belongs to that w ater system . T he dilute w aters plot a s  end 
m em ber com ponent for the  b icarbonate and  the  acid sulfate w aters in all the  
g rap h s p resen ted  here. W hen they a re  plotted alone in the  d iagram s (Figure b 
in e ac h  c a se ) , their concentra tion  a p p e a rs  very d isp e rse  but in som e c a s e s  
increasing  or linear tren d s  can  be identified, a s  in F igures 3 .23b for Na vs. 
S 0 4 , 3 .26b for Mg vs. S 0 4, 3 .27b for Na vs. HCOg, 3 .28b for K vs. HCOg,
3 .29b  for C a  vs. H C 0 3 , and 3.30b for Mg vs. HCOg. This su g g e s ts  that the  
dilute w a te rs  rep re sen t the  shallow  w aters that mix with the  d e e p  fluids in 
different proportions to form the brackish w aters.
D iagram s of cation v e rsu s  silica content w ere constructed  (Figures 
3.31 to 3 .34). T he hydrolysis of silica tes re le a s e s  silica an d  ca tions into 
solution (Bowers e t al., 1984). The purpose of th e se  d iag ram s w as to identify 
an y  sy s tem atic  tren d  which could indicate mixing or reaction  p ro c e sse s . 
However, m ost of the  plots gave very sca ttered  d a ta  points. It w as not possible 
to  identify an y  sy s te m a tic  tren d  for th e  b rack ish  neu tra l ch loride  an d  
b icarbonate  w aters. T he brackish acid  su lfate  w aters p resen t an increasing
cation concentration trend with silica which is not linear. T he best correlation 
is illustrated in Figure 3 .34  which show s Mg v e rsu s  S i0 2 concentra tion . In
com parison , all th e  dilute w aters p resen ted  c lear increasing tren d s  of cation 
v e rsu s silica concentration. In one c a se , even  a  linear trend  w as identified (i.e. 
Figure 3.32b for K vs. S i0 2).
T he bicarbonate w aters occur at different points around the volcano and 
th e  neutral chloride w aters a re  c lustered  to the  w est (Botero Londono group)
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and south-east (Hacienda G ranates) of the volcano. The brackish bicarbonate 
w aters (San Luis SL and La C alera LC) to the NNE are  sep ara ted  from the 
other bicarbonate w aters (e.g. Las N ereidas LN, El Recodo RE) by the acid 
sulfate system . The acid sulfate w aters do not seem  to mix with the neutral 
chloride and  b icarbonate  w ater system . A mixing p ro cess  betw een the  
opposite sides of the  volcano appears  unlikely.
Studies of 1sO and D by Sturchio et al. (1988) suggest that the w aters at 
N evado del Ruiz a re  predom inantly  of m eteoric  origin. Only th e  more 
concentrated w aters are slightly separa ted  from the m eteoric w ater line in a  
8180  versus 8D diagram . B ecause  the 81sO from the geotherm al w aters of 
Ruiz is not d isp laced  m ore than 2 °/oo from the  m eteoric w ater line, they 
concluded their m agm atic w ater content should be  less  than  10%. Using 
tritium data, Sturchio et al. have calculated a  residence time of 15 years for 
Aguas Calientes, 100-150 years for Term ales del Ruiz, and betw een 8 and 25 
years for Botero Londofio and La Piscina.
CHAPTER 4.- MINERAL ALTERATION PRODUCTS AT THE 
DISCHARGE SITES OF NEVADO DEL RUIZ HYDROTHERMAL
S Y S T E M .
IN TR O D U C TIO N
Several hydrothermally altered rock sam ples were collected at or near 
the vents of the  Nevado del Ruiz hydrothermal system , in order to identify 
alteration mineral assem blages. The sam ples were analyzed using X-ray 
diffraction techniques. In one of the sam ples, the spatial variation in mineral 
alteration w as studied. In addition, two m oderately altered sam ples from 
bicarbonate w ater s ites were petrographycally analyzed. It is possible to 
distinguish two se ts  of mineral assem blages, which correspond to the two 
water system s identified at Ruiz. The acid sulfate w aters produce cristobalite, 
sulfates, hem atite or pyrite, and very minor am ounts of tridymite, kaolinite, 
sm ectites and illite. The alteration products that were identified at the neutral 
chloride and  bicarbonate w aters include carbonates and cristobalite. Gypsum 
and halite were also identified in sam ples associated with these  waters but as  
evaporation products. The recognition of th e se  mineral a ssem b lag es  is 
important for the understanding of the chemical and m ass transport processes 
happening in this system.
OVERVIEW OF THE VOLCANIC ROCKS AT NEVADO DEL RUIZ
Most of the altered rocks at Nevado del Ruiz hydrothermal springs are 
volcanic rocks, which cover discordantly the  m etam orphic and  intrusive 
complexes of the Central Cordillera. The eruptive products of Ruiz are basaltic 
andesite to dacitic in composition; the  older volcanic rocks are  basaltic to 
andesitic in composition. The products of Holocene and historic activity are
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andesites to dacites in the range of 59 - 65 wt. % S i0 2, and  consist of ash  flows
and  tephra  falls which have vesicular and  banded  pum ices (Vatin-Perignon et 
a(., 1990). As w as m entioned in C hapter 2, Herd (1974) said that Nevado del 
Ruiz is com posed  of a  se q u en c e  of lavas of hypersthene-aug ite  andesites , 
hornb lende an d es ite s , basaltic  an d es ite s , and  dacites. T h ese  lava flows 
extend up to 30 km to the eas t and up to 35 km to the w est of the volcano.
The eruptive products of the  1985, 1595, and  3100 BP have been found 
to have similar mineral assem b lag es  (Vatin-Perignon et al., 1990; Williams et 
al., 1986). G ourgaud and Thouret (1990) observed  that the  Novem ber 1985 
eruption included highly heterogeneous products such a s  c lasts  of black and 
gray scoria, black scoria  with white pum ice inclusions, banded  scoria, banded 
pum ices and  white pum ice. They divided the  mineral a sse m b la g es  found in 
th e s e  rocks into th ree  asso c ia tio n s: a) Dacitic assoc ia tion  com posed  of 
an d esin e  (An 35-50), bronzite (En 75-78), pargasite  (i.e. hornblende), augite, 
phlogopite, m agnetite , and  ilm enite. b) A ndesitic  a sso c ia tio n  form ed by 
labradorite (An 55-65), bronzite (En 75-78), p a rg asite , augite, phlogopite, 
m agnetite, and ilmenite. c) Mafic association  com posed  by m agnesian  olivine 
(Fo 79-87) and bronzite (En 78-83). Melson et al. (1990) have reported similar 
mineral a sse m b la g e s  for th e se  rocks, a  matrix g la s s  con ten t ranging from 
about 35 to 65%  which correlates inversely with the  silica content, and  the 
p resence  of rare anhydrite a s  small xenoliths in the g lass.
X-RAY DIFFRACTION ANALYSIS  
Sam ple Preparation
T he sam p les  w ere divided into two g roups for sam p le  preparation, 
according to their a sso c ia ted  w ater type. A description of the  sam ples and 
their locations are  given in Appendix 1. Figure 4.1 illustrates the  location of the 
sam ples and their identifying num bers. The sam ples from A guas Calientes, Rio
Nevado del Ruiz
H ydrotherm al
S ystem
A Bicarbonate w. 
X3 Acid sulfate w.
O  Chtorlde w.
□  T D S < 103 m g /k g
□  TDS > 103 m g/kg
lumarola
0 5 km
\  t  /1 J  RGI
I s \ 7 i r  IV  Ry.l-V RMII / \
, r ^ D 12 D13J
K ^  \  /N
CA II il aj^lna
\  D 1 4 ^ - V
c \ T ^ ni V \ \  y< / -+J:3U
t
D15-«
D1 D 2
D9 DIO D II3
1 '  D 4 / / . 7
1 jNevado delr
Figure 4.1. Location of hydrothermally altered samples from Nevado del Ruiz 
volcano hydrothermal system.
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Guafi and Hotel Term ales del Ruiz are from the acid sulfate hot springs. The 
Las N ereidas, El R ecodo, and  Botero Londono sam p les rep resen t the 
bicarbonate and neutral chloride w ater types. C arbonates were expected to 
occur in the second group.
Each of the sam ples w as divided into two parts, one for the whole rock 
analysis and other for clay mineral analysis. In order to identify clay minerals, 
the fraction sm aller than 2pm must be separated  from the coarser fraction of 
the sam ple. However, if carbonates are present they must be separated  from 
the clay minerals before the sam ple is analyzed to identify clays. For that 
reason, clay mineral separation, w as not carried out in the bicarbonate and 
neutral chloride w ater sam ples until the whole rock analysis were obtained. 
The whole rock portion w as crushed in a  microgrinder until the appropiate size 
w as obtained (less than 2pm). The powdered sam ple w as loaded into a 
sam ple holder and  analyzed in a  Philips XRD APD 3520 instrum ent at 
Louisiana S tate  University.
The sam ples for clay mineral analyses were crushed to a  p e a  size 
fraction, about 0.5 cm in diameter. Next the sam ples were placed in a  50 ml 
beaker and covered with distilled water. B ecause flocculation w as observed, 
the sam ples were w ashed several times. Once flocculation did not occur, the 
sam ples and the 50ml of w ater were stirred and  left undisturbed for 3 1/2 
hours. After that time, only the particles <2 pm in diam eter were present in the 
suspension. The upper 5 cm of solution w as transferred to centrifuge tubes 
and centrifuged, in order to obtain the < 2 pm fraction. This p rocess w as 
repeated  several tim es until the solution w as completely clear after the 3 1/2 
hours of repose.
The whole rock XRD analyses show ed the presence of carbonates in 
sam ples from Las Nereidas, El Recodo, and Botero Londofio. Clay minerals
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w ere not d e te c ted  in th e s e  d iffractogram s. Rem oval of c a rb o n a te s  w as 
required in th ese  sam ples in order to be able to identify minor am ounts of clay 
m inerals. The a ltered  rocks w ere trea te d  using the  ca rb o n a te  rem oval 
procedure described  by Strickler et al. (1989). However, after removal of the 
ca rb o n a tes , no clay m inerals could be se p a ra ted  from th e se  sam ples. This 
indicates that clays a re  not p resen t at th e se  d ischarge  sites or that they are  
produced in very minor am ounts.
Clay slides for XRD analy ses of the  acid sulfate sam ples were prepared 
using th e  sm ear preparation technique described  by C arver (1971). Sam ple 
D6 p resen ted  a  very clear hydrothermal alteration zonation (Figure 4.2), going 
from a  d eep  reddish brown to a  gray color. The reddish part rep resen ted  the 
m ost altered part of the  rock. The gray part rep resen ted  the less altered part of 
the  rock, in which the  original m inerals could be  distinguished . For that 
reason , this sam ple w as divided into 6  slices, each  about 2 cm wide (Sam ples 
D6 i to D6 vi), in order to study spatial variation alteration in this rock.
R E S U L T S
The X ray diffractograms obtained w ere interpreted using the XRD peak 
positions reported by C arver (1971) for m ost of the  m inerals and  by Brindley 
and  Brown (1980) for the  alunites. T ab les 4.1 and  4.2 list the  m inerals 
identified for th e  acid sulfate hot springs and  the  b icarbonate  and  neutral 
chloride springs, respectively.
Figure 4.3 p resen ts two exam ples of the  diffractogram s obtained for the 
acid su lfa te  sites . The alteration mineral a sse m b la g e  identified for th e se  
sam p les includes cristobalite, pyrite, alunite, gypsum , sulfur, and  tridymite. 
Clay m inerals w ere de tec ted  only in sam ples D8  and  D9. Sm ectite and  illite 
are  p resen t in D8  and  kaolinite in D9.
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Figure 4.2. Sam ple D6 showing hydrothermal alteration zonation. Six 2 cm 
thick slides were cut from the most altered to the less altered part of the rock. 
They were named D6 i to D6vi.
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Table 4.1. M inerals of hydrothermal alteration identified by X ray diffraction 
an a ly ses  in sam p les from w aters of brackish acid sulfate type hot springs at 
N evado del Ruiz volcano hydrothermal system . Com position of sam ple  D6  is 
reported in Table 4.3. Abbreviations: AC= A guas Calientes, TR= Term ales del 
Ruiz, RG= Rio Guali, H. alt. p. = high alteration product, Alt. r.= altered  rock, 
pp.= product precipitated  from the solution, Evap = evaporation  product, 
Cristob.= cristobalite, Tridym.= tridymite, Sm ec.=  sm ectite. S e e  appendix for 
description. Only the  alteration m inerals a re  reported. S econdary  m inerals 
w ere not identified in sam ple D7.
S am p le Location S am p le C ristob. Tridym. Alunite S ulfur Pyrite O th er
N ° ty p e
D1 AC H. alt. p. X X X
D2 AC Alt. r. X X
D3A TR H. alt. p. X X X X X
D3B TR H. alt. p. X X G ypsum
D3G TR p p . X X X X X
D4 TR H. alt. p. X X X
D5 TR Alt. r. X X X X
D8 TR Alt. r. S m e c .,
Illite
D9 RG Alt. r. X X X X Kaolinite
D10 RG H. alt. p. X X X X
D11 RG E vap. X X G ypsum
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Table 4.2. Minerals of hydrothermal alteration identified by X ray diffraction 
ana ly ses in sam ples from the  w aters of brackish bicarbonate and  neutral 
chloride type hot springs at Nevado del Ruiz volcano hydrothermal system . 
Abbreviations: BL = Botero Londofio, LN = Las Nereidas, RE = El Recodo, 
Evap. = evaporation product, Alt. r.= altered rock, pp.= precipitate, Cristob.= 
cristobalite. Only secondary minerals a re  reported.
S am ple Location S am p le Cristob. Calcite Dolomite S iderite O th e r
N° ty p e
D12 BL Alt. r. X X X
D 12p BL Evap. X X G ypsum
Halite
D13 BL Alt. r. X
D14 LN Alt. r. X X X X
D15 RE AH. r. X X X X
D16 RE Alt. r. X X X
FN LN p p . X X
Table 4.3. Concentration of minerals identified in sam ple D6 .
Sam ple N° Jarosite Cristobalite Hematite P lagioclase
(wt%) (wt%) (wt%) (wt%)
D6 i 44.1 28.8 27.2 0
D6 ii 59.9 35.5 4.6 0
D6 iii 59.8 36.1 4.2 0
D6 iv 29.4 6 8 .8 1.8 0
D6v 13.9 81.9 1.2 3
D6 vi 0 74.8 1.7 23.5
1 0 1
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Figure 4.3. X ray diffractogram s for sa m p le s  D3A a n d  D3B from the  acid 
sullfate w ater site  Hotel T erm ales del Ruiz (TR).
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The mineral assem blages for rocks D6 i to D6vi are different. Figure 4.4 
p resen ts  two of the diffractogram s for sam p les D6 . Ja rosite , an iron-rich 
alunite, together with hem atite and cristobalite a re  p resen t in this rock a s  
alteration products. T he relative a b u n d a n c e s  of th e se  m inerals w ere 
calculated using the program XRDPHIL ( Cook et al., 1975) and reported in 
Table 4.3.
The spatial variations in concentration of the  different m inerals for 
sam p le  D6 a re  p resen ted  in Figure 4.5. The concentra tion  of hem atite 
d e c re a se s  in sam ple D6 from high to iess  altered portions of the  sam ple. 
Cristobalite predom inates in the less altered portion (Sam ple D6vi).
For the  brackish neutral chloride and b icarbonate  w ater sites , the 
alteration mineral assem blage consists of the carbonates dolomite, calcite, and 
siderite a s  well a s  the silicate, cristobalite. Gypsum and halite are  also present 
in the white evaporation product of sam ple D12P. The occurrence of gypsum is 
consistent with the fact that Las Nereidas has a  very high sulfur concentration.
It has minor sulfur dioxide a s  a  com ponent of th e  g a se o u s  d ischarge  
(G iggenbach et al., 1990). Figure 4.6 p re se n ts  two exam ples of the  
diffractogram s obtained from th ese  therm al sites. Clay m inerals w ere not 
identified at these  sites.
PETR O G R A PH IC  ANALYSES
Petrographic an a ly ses  w ere done in two sam p les  from bicarbonate 
w ater sites. T hese  were sam ples D12 from Botero Londono and D16 from EL 
Recodo. Most of the sam ples analyzed with XRD were very altered. T hese two 
sam p le s  w ere  probably the  least a ltered  and  allow ed the  petrographic 
recognition of individual m inerals. The pu rpose  of th e se  an a ly ses  w as to 
observe if clays m inerals could be microscopically identified b ecau se  the
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Figure 4.4. X ray diffractograms for sam ples D6 i and D6v from the acid sulfate 
site Hotel Term ales del Ruiz. The presence of jarosite, and iron-rich alunite, 
and hematite indicates very oxidizing conditions.
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Figure 4 .5 .Variations in concentration of m inerals in sam ple  D6 . Sam ple D6 i 
corresponds to the most altered part of the rock and D6vi to the least altered 
portion.
105
fEampie: D1ZP BOTERO L. './HITE - t i e :  OZZ ;C2 0 0 , ZOOJD1ZPR ,RD
m .
6 . 4a . 
S. 76 . 
5 . 0 4  .
gypsum  
C a - c a i t i t e  
D -  dolom ite 
Ha -  halite
4 .3 2  .
2 . 0 8  .
R & .
£ . 4 0  . 
4 . 9 0
4 . 2 0  
3.60 
3.00 . 
2 . 4 0  . 
1 . 8 0  .
1.20  . 
0 .6O .
Sample! D 16 RECCDD A.ROCK F i l s :  DZ2 :C2 0 0 , 2 0 0 DD16R.RD
Or f t
C a -  ca ld te  
D -d o lo m ite  
C r -  cristobalite  
PI -  p la g io d a se
Figure 4.6. X ray diffractogram s for sam p les D12p and  D16 from the 
bicarbonate w ater site El Recodo (D16) and  the neutral chloride w ater site 
Botero Londono (D12p). The presence of carbonates is characteristic in these  
discharges.
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XRD data did not show the existence of clay minerals in the sam ples from the 
bicarbonate and chloride water hotsprings.
Both sam ples are andesites. In thin section they show weakly altered 
subhedrai to anhedral phenocrysts of pyroxenes, hornblende, and biotite. 
Plagioclase phenocrysts are replaced by calcite in sam ple D16. Both sam ples 
are very rich in calcite. They have large twinned subhedrai to anhedral calcite 
crystals. The crystals are surrounded by a sericite and quartz (cristobalite) 
matrix. No other sheet silicate was identified in the samples.
CHAPTER 5. WATER-ROCK INTERACTIONS  
IN T R O D U C T IO N
In th is ch ap te rs  the fluid-mineral equilibria of N evado del Ruiz are
studied in o rder to identify the possible mineral a sse m b la g es  in equilibrium
with th ese  w aters a s  well a s  the saturation s ta te  for several minerals. First, the
general approach  of G iggenbach (1988) is u sed  to study the  s ta te  of th ese
w aters in relation with the mineral a ssem b lag e  considered  by this author for
equilibrated m ature w aters. The saturation s ta te  of the  w aters with respect to
silica is later analyzed. Equilibrium activity d iagram s w ere constructed using
the hydrolysis constan ts  for the m inerals a s  reported in Bowers et al. (1984).
T hese d iagram s w ere u sed  to study the  equilibrium sta te  of th ese  w aters with
respect to specific silicate, carbonate, and  sulfate minerals.
Som e discussion of the  use of activities versus concentrations in phase
diagram s is needed  before the  d iagram s a re  p resen ted . In Appendix 2, the
effect of tem p era tu re  and  deviation of the  solution from ideality on the  
3|yi n +
log( — ) is studied, where a. .n+ = activity of cation M with n+ charge, andv M
a.,+n = activity of the hydrogen ion to the  nth power. The effect of tem perature
on the  logarithmic ratios is not very significant. The position of d a ta  points is 
not very different when different equilibrium tem pera tu res a re  a ssum ed  in the 
equilibrium activity d iagram s. This behavior is due  to the  effect of using a 
logarithmic scale, which minimizes the  differences. A com parison betw een the 
diagram s for activities and  concentrations for th e  brackish w aters of Nevado 
del Ruiz indicates that the position of the d a ta  points is alm ost the  sam e  when 
concentrations are  plotted instead of activities. In this kind of logarithmic plots, 
the deviations of activity coefficients from ideality a re  minimized. The diagram s 
look the  sam e when concentrations a re  used  instead of activities. In addition to
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mineral equilibrium, mixing and  rock dissolution p ro c e sse s  a re  considered  to 
explain the  trends observed  in p h ase  d iagram s of N evado del Ruiz w aters.
GIGGENBACH DIAGRAM S FOR NEVADO DEL RUIZ
G iggenbach (1981,1984) looked at th e  "maturity" of m any geo therm al 
w a ters  in the  world by plotting the  concen tra tions of different ca tio n s and  
an ions in activity d iagram s. T h ese  d iag ram s p resen t the  chem ical reactions 
which could explain the  m ineral a sse m b la g e s  com m only found in volcanic 
hydrotherm al sy stem s. Appendix 3 explains the  construction of G iggenbach 
d iagram s. T h ese  d iag ram s can  be u sed  a s  a  first approxim ation to study the  
equilibrium  s ta te  of th e  w a te rs  and  to ev a lu a te  if they  have rea c te d  long 
en o u g h  with th e  rock to form th e  m ineral a sse m b la g e  found in m atu re
hydrotherm al w aters.
T he first diagram  is th e  triangular diagram  Cl, HCOg', and  S 0 42" stud ied
previously in Figure 3.4. T he w aters a re  classified according to their dom inant 
anion a s  sulfate, b icarbonate or chloride w aters.
Figure 5.1 p re se n ts  th e  Na-K-M g-Ca d iagram  for N evado del Ruiz, 
sim ilar to Figure A3.1 in A ppendix 3. T he m ineral a s se m b la g e  albite, K- 
fe ld spar, m uscovite, clinochlore, calc ite , an d  q u artz  is c o n sid e red  in th is 
diagram . The solid line in th e  diagram  rep re se n t full equilibrium a t different 
te m p e ra tu re s  with re sp e c t to th e  six m inerals. G iggenbach  (1981, 1984) 
o b se rv ed  that, in m any hydrotherm al sy s te m s  of th e  world, m ature  neutral 
ch loride w a te rs  fall on th a t line. T he arrow  in d ica tes  th e  g e n e ra l tren d  
observed  by G iggenbach for w aters evolving from crustal rock dissolution (ac) 
tow ards full equilibrium. Ruiz w aters a p p e a r to follow this general trend. For 
th e  neutral chloride w a ters  to th e  w est of Ruiz, an equilibrium tem p era tu re  
b e tw ee n  250° an d  260°C  is e s tim a te d  from th e s e  d iag ram s (Na an d  K
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Figure 5.1. G iggenbach Na-Mg-K-Ca rectangular diagram  for Nevado del 
Ruiz waters. S e e  text for discussion, ac  = composition of w ater formed by 
dissolution of 10 gr of average crustal rock in 1 kg of water. S quares represent 
acid sulfate w aters, circles the neutral chloride w aters, and triangles the 
bicarbonate w aters. Small sym bols represen t the dilute w aters and large 
sym bols the  brackish w aters (After G igenbach, 1990).
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relation). The waters of Ruiz are not in equilibrium and they appear to be in
the intermediate stage in the process of rock dissolution which evolves to
completely equilibrated mature waters.
The w aters were also plotted in theNa-Mg-K diagram similar to Figure
A3.2 of Appendix 3. The equilibrium line in this diagram represents waters in
equilibrium with the mineral assem blage  albite, K-feldspar, clinochlore,
muscovite, and quartz. The graph for Ruiz is shown in Figure 5.2. The data
points are clustered in the m agnesium corner. This is consistent with the
immature stage of these  waters, which are not in simultaneous equilibrium with
the reactions involving Na, K and Mg-bearing silicates.
Figure 5.3 illustrates the Giggenbach diagram Lkc versus Lkm of Figure
A3.3 of Appendix 3. Lk is log —— — and Lkc is log —--------. All the waters
M g2+ a C a 2+
fall below the equilibrium line. The data  points which fall below the full 
equilibrium line, as Nevado del Ruiz waters, correspond to greater than full 
equilibrium C 0 2 fugacities for these  reactions (Giggenbach, 1984). T hese
w aters are still very reactive. The Ruiz waters fall on a straight line in these  
diagrams, close to the dissolution line of average crustal rock.
SILICA SYSTEMATICS
Silica Concentration versus Discharge Temperature
Figure 5.4 show s the diagram for silica concentration versus discharge 
tem perature for Nevado del Ruiz w aters. The equilibrium constan ts as a  
function of tem perature, for the different silica minerals (Bowers et al., 1984) 
are also plotted in Figure 5.4. The reaction considered is:
S i 0 2(aq) =  S i 0 2(s)
1 1 1
Na/ 1 0 0 0
Full equilibrium 
line .
Maturity index=2
MgK/ 1 0 0
Figure 5.2. G iggenbach Na-Mg-K triangular diagram  for Nevado del Ruiz 
w aters. S e e  text for discussion. Sym bols a s  in Figure 5.1 (After G igqenbach 
1984).
Lk
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Figure 5.3. Giggenbach diagram, log [- (a K+)^ , __________ , (a K+)*
a C a 2+
-] versus log [-
‘Mg 2 +
'] or
fc o g  versus tem perature for Nevado del Ruiz waters. See text for discussion.
ac  = composition of water formed by dissolution of 10 gr of average crustal 
rock in 1 kg of water. Symbols a s  in Figure 5.1 (After Giggenbach, 1984).
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w here Si0 2jsj rep resen ts am orphous silica, cristobalite, chalcedony, or quartz. 
At equilibrium, the concentration of aqueous silica is equal to the equilibrium 
constant. It can be observed that, at the discharge tem perature, the w aters fall 
betw een the am orphous silica and cristobalite equilibrium lines. The w aters 
a re  su p e rsa tu ra ted , with resp ec t to cristobalite. This m ineral h a s  been  
identified in C hapter 4 a s  one of the minerals of hydrothermal alteration at the 
surface conditions. The brackish w aters a re  forming cristobalite. However, 
cristobalite is not a  stable silica mineral at atm ospheric p ressu re  (Deer e t al., 
1966) and  at the  range of d ischarge tem pera tu re  found in hydrotherm al 
system s. At depth, the tem peratures are expected to be higher and the data  
would be shifted to the  right, c loser to the chalcedony or quartz equilibrium 
lines. Henley et al. (1984) have pointed out that, for m any hydrotherm al 
sy s tem s with tem pera tu re  less than about 190° C, silica con ten ts reflect 
equilibrium  with ch a lced o n y  ra th e r  th an  with q u a rtz . The different 
geotherm om eters applied by Sturchio e t al. (1988), and d iscussed  in C hapter 
3 of this work, indicate that the more likely tem perature for Nevado del Ruiz 
hydrotherm al system  is around 175° C. For th ese  reasons, equilibrium with 
chalcedony  w as a ssu m e d  in th e  silicate m inerals equilibrium d iag ram s 
presented  later in this work.
It is observed in Figure 5.4 that the dilute w aters have lower tem perature 
and silica content than  the brackish w aters. Figure 5.5 show s TDS versus 
tem perature for Nevado del Ruiz w aters. Figure 5 .5a p resen ts increased TDS 
with tem pera tu re  for the  acid sulfate w aters for the  brackish w aters. The 
bicarbonate and neutral chloride w aters present lower and d ispersed  values. 
The behavior is similar for the  dilute w aters. The dilute and brackish acid 
sulfate w aters appear to follow a  common increasing trend in these  diagrams.
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Figure 5.5. Total disolved solids (TDS) versus temperature for Nevado del Ruiz 
waters, a) All waters, b) Dilute waters. Symbols as in Figure 5.1.
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Silicate Mineral Equilibria
In Figure 5.6 to 5.9, the log [ — „] versus log [ n ig ^ ]  is shown for
H+
the w aters of Nevado del Ruiz. In each, "a" represen ts the different cations Na 
(Figure 5.6), K (Figure 5.7), Ca (Figure 5.8), and  Mg (Figure 5.9); and n 
rep resen ts their charge. Two tem peratures are  considered in these  diagram s: 
100° C (Figure a  in each  case) and 175° C (Figure b in each  case). T hese two 
tem pera tu res were chosen  because  they represent the tem peratures close to 
the  d ischarge tem perature of the boiling springs and the  possible tem perature 
for the neutral chloride w aters reservoir (Sturchio et al., 1988), respectively. 
The stability fields for different minerals are  shown in the diagrams. At 100° C, 
the  brackish acid w aters fall on the kaolinite-pyrophyllite boundary and the 
brackish b icarbonate and chloride w aters in the field for albite, K-feldspar, 
clinochlore, laumontite, and prehnite. The main difference at 175° C is that the 
acid sulfate w aters fall in the kaolinite stability field. The C rep resen ts the 
equilibrium line for chalcedony and AS for am orphous silica. The neutral 
chloride w aters fall closer to the chalcedony line than to the am orphous silica 
line at th ese  two tem peratures.
a Mn
Equilibrium activity diagram s for the different log (—1w n) com binations
a H+
(where M rep resen ts  a  cation, n its charge, and  a  its activity) were also 
constructed . The position of the  d a ta  points a re  alm ost the  sam e  w hether 
concen tra tions or activities a re  used  (see  Appendix 2). Equilibrium with 
cha lcedony  w as a ssu m e d  in th e s e  d iagram s. T he d iag ram s presen ting  
different silicate m inerals are  p resen ted  in Figures 5.10 to 5.13. As in the 
previous g raphs, the  d iagram s w ere constructed  at 100° C (Figures a) and
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175° C (Figures b). A very well-defined compositional trend w as  found, 
extending from the  highly acid sulfate w aters very near the  Villamana- 
Termales fault and the volcano, to the bicarbonate and neutral chloride waters 
farther away from that fault and the volcano. The acid sulfate waters appear to 
fall in the pyrophillite stability field. However, it w as found Figures 5.6 to 5.9 
that pyrophillite could form only in three of the brackish acid sulfate waters 
because  the others do not have enough silica.
With decreasing acidity, the waters have compositions which appear to 
be buffered by the mineral assem blages (laumontite or prehnite) + clinochlore 
+ K-feldspar + albite. The effect of other ions in the solution such a s  sulfate 
and bicarbonate is not considered in these  diagrams. The p resence  of other 
ions could favor the formation of other minerals instead of silicates. In all these  
diagrams, the dilute waters are plotted for comparison only b ecause  they do 
not se em  to have been  at those  high tem peratures, given their low TDS.
Linear trends are observed in Figures 5.10 to 5.14 for the different log ( - ^ -p)
a H+
combinations. The slope of the curves is 1, when both cations have the sam e 
charge, and 2 , when one of the cations has a  charge  twice the charge of the 
other. The bicarbonate and  neutral chloride waters follow the equilibrium lines 
betw een  K-feldspar and  albite in Figure 5.13. Figure 5 .14  sh o w s the 
equilibrium line for K-feldspar- albite at 0, 100, 200, and 300° C. The brackish 
waters, even the acid sulfate w aters fall, between the 200 and 300° C lines. 
However, the  acid sulfate w aters are  not in equilibrium with albite and K- 
feldspar because  at low pH the feldspars are  hydrolyzed. For that reason, the 
equilibrium lines in tha t a re  p re sen te d  a s  d a sh e d  lines. W hen the 
concentration diagram Na + K vs. Cl was considered (Figure 3.21), the data  
points for the acid sulfate and the chloride waters fell in a  well-defined linear
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trend with a  slope close to one; even the dominant anion for the acid sulfate 
w aters is not chloride but sulfate. It appea rs  that the chloride ion is balancing 
the  Na and K concentra tions in the solutions. The bicarbonate w aters are  
en riched  in Na and  K and  fall in a  different line in Figure 3 .21. This 
com pensation of Na and K by chloride w as observed previously for chloride- 
rich geothermal waters (Shikazono, 1978) only. The dilute bicarbonate waters 
in this diagram fall below the equilibrium line and seem  to follow another linear 
trend.
The bicarbonate  w aters  fall on the  equilibrium lines for Na and K- 
feldspars, but according to Giggenbach diagram s (Figures 5.1 and  5.3) these  
w aters a re  still very reactive b e ca u se  the fugacity of CO2 is very high. Their 
compositions fall below the equlibrium line in Figure 5.3. The feldspars could 
be reacting with CO2 to form sh ee t  silicates (see Appendix 3). In addition, in 
th e s e  p h a se  diagrams, the activity of Al is not considered. The activity of Na 
and K could be correct enough for the da ta  points to fall on the K-feldspar and 
albite equilibrium line but silica and aluminium should be also  considered.
Figure 5.15 is the p h ase  diagram for phlogopite and  annite. As will be 
show n in C hap te r  7, the  g a s  composition of N evado del Ruiz indicates 
reducing conditions. At near  neutral to low pHs and  reducing conditions the 
dominant iron sp ec ies  in the solution is Fe2 + (Garrels and  Christ, 1965). The 
iron in the  solution w as  a ssu m e d  to be Fe2+, in Figure 5.15. According to 
relations se e n  in Figure 5.15, the combination of the  m icas phlogopite and 
annite  could be  in equilibrium with Ruiz w a ters . Phlogopite  h a s  been  
recognized  a s  one  com ponent of the fresh volcanic rocks at Ruiz (Vatin- 
Perignon et al., 1990).
The previous mineral assem b lage  should reflect the  possible minerals 
at depth. Near the  surface the  lower p ressure , oxidizing conditions and high
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activity of other ions such a s  sulfate should produce a  different se t of minerals, 
a s  w as  found by X-ray diffraction analysis of the  alteration products at the 
surface. T hese  minerals are described in Chapter 4  of this work.
CARBONATE M INERAL EQUILIBRIA
The slope of the lines defined by the da ta  points in different diagram s of 
Figures 5.10 to 5.15 is c lose  to 1 for the  different combinations of the log 
concentration of the cations C a 2+, Mg2+and Fe2+ , a s  well a s  for Na+ and  K+. 
W hen the  equilibrium diagram  involves C a 2 + and  Na+ , for exam ple, the 
resulting slope .is close to 2. This implies that the mineral reactions controlling 
th e se  w aters must have a  stoichiometric relation betw een the cations of 2  or 1 
for each  case , which indicates balanced m ass  action reactions.
For C a2+, Mg2+an d  F e2+, a  combination of m ass  action equations with a  
1 to 1 stoichiometry could be  the  ca rb o n a te s  calcite, siderite, and  dolomite. 
F igures 5 .16 to 5 .18 p resen t  p h a se  d iagram s for th e  different ca rbonate  
m inerals. The d a ta  points a re  a ligned  with the  equilibrium lines. The 
equilibrium lines a re  p resen ted  a s  d a sh e d  lines in the  region for the  acid 
w aters b ecause  carbonates  can  not form in acid environments. It is suggested  
from th ese  diagrams that carbonates are  buffering the mineral equilibria of the 
brackish neutral chloride and  bicarbonate waters.
The ph ase  d iagram s previously studied do not consider all the  species  
involved in the chemical reactions to produce the  minerals. For example, the 
calcite-dolomite d iagram  d o e s  not consider  the  b icarbonate  ion. For that 
reason, it is necessary  to investigate the  ion activity product of the solution and 
to com pare  it with the  equilibrium solubility product of the mineral. In order to 
eva lu a te  the  equilibrium s ta te  of th e  w a ters  more completely, d iagram s 
involving the bicarbonate ion and the cation of interest were constructed. They
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are presented in Figures 5.19 to 5.21. The diagram of Figure 5.19 was
constructed by taking the logarithm of the equilibrium constant of calcite at
different temperatures. A linear equation defines the relationship between 
a ca2+l o g ^ — ) and log a HCOg-- The lines which define this relationship for 20 0°,
100°, and 0° C are shown in this figure. The data points for the different waters 
at Nevado del Ruiz were plotted in this diagram. Those which fall above the 
equilibrium line indicate that the waters are supersaturated with respect to 
calcite. Ideality of the solution was assum ed  in the diagrams. The error 
introduced by using molalities instead of activities in th ese  logarithmic 
diagrams is not very significant for the bicarbonate ion because the activity 
coefficients vary from 0.8 to 1.0 in these waters (See Tables A1.1 to A1.4 in 
Appendix 1 ). This variation shifts the points only between 0.1 and 0 log units 
with respect to the position if activities were used in the diagrams.
The diagrams of Figures 5.20 and 5.21 for dolomite and siderite were 
constructed in a  similar way. Figures 5.19, 5.20, and 5.21 indicate that, for 
tem peratures below 100°C, the brackish neutral chloride and bicarbonate 
waters are supersaturated with respect to siderite, calcite, and dolomite. These 
solutions should be precipitating carbonates at the discharge temperatures, as 
was found in the hydrothermal alteration minerals reported in Chapter 4 of this 
work.
SULFATE MINERAL EQUILIBRIA
The phase  diagram for K-feldspar and alunite (Figure 5.22) was 
investigated. It is observed in this diagram that all the brackish acid-sulfate 
waters fall in the alunite stability field. Alunite should be produced in these 
waters if the aluminum concentration is large enough, a s  it is the case  for the
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brackish acid sulfate waters. Alunite w as identified in the mineral alteration 
products a s  d iscussed  in the previous chapter. The bicarbonate and  neutral 
chloride waters fall in the K-feldspar stability field.
In order to investigate the saturation sta te  of the  waters with respect to 
different su lfa tes identified in the  mineral alteration a s se m b la g e s ,  several 
diagram s were considered. T hese diagrams were constructed using the sulfate 
concentra tion  and  the  cations for anhydrite and  alunite. Som e error is 
in troduced by using molalities in s tead  of activities in th e s e  logarithmic 
diagram s for the sulfate ion because  the activity coefficients vary from 0 .2  to1 .0 
in th e se  waters (Table A2.4). This variation c a u se s  the  sulfate d a ta  points to 
be shifted only betw een 0.7 and 0 log units with respec t to their position if 
activities w ere  used  in the  d iagram s. Figure 5.23 and  5 .24 show  that, for 
te m p e ra tu re s  below 100°C, the  brackish acid sulfate  w aters, should be 
precipitating anhydrite and alunite. Gypsum could form rather than anhydrite 
at lower tem peratures and in the p resence  of water. Alunite and  gypsum were 
identified a s  minerals formed in the  brackish acid sulfate w ater s ites  in 
C hapter 4. In Figure 5.23, it can be observed  that all the dilute and  brackish 
w aters fall in a  linear trend with a  slope close to one and an  intercept close to 
zero , which is the  approxim ate linear trend  one  would ge t by dissolving 
anhydrite. Figure 5.23 can be com pared  with Figure 3.25, where two lines for 
the  calcium versus sulfate diagram were identified. If Figure 5.23 is observed 
closely, two groups of points can  be  observed  for the  brackish acid sulfate, 
w aters  a s  in Figure 3.25. In reality, both figures are  the sa m e  for this type of 
w ater, the  only difference is the  sca le .  W hen the  com ple te  range  of 
concen tra tions is observed , the  brackish acid sulfate  w a ters  fall n e a r  the 
general dissolution trend of anhydrite a s  do the other w aters in the region.
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LINEAR T R E N D S  IN P H A S E  D IA G R A M S O F  N E V A D O  DEL RUIZ 
W A T E R S
Linear tren ds  a re  observed  in the  logarithmic activity d iagram s of 
Figures 5.16 to 5.18, where the  waters appear to follow the equilibrium lines for 
the different pairs of carbonates. A linear trend is also observed in Figure 5.14, 
where the waters appea r  to follow the equilibrium line for K-feldspar and albite. 
However, only the  brackish bicarbonate and  neutral chloride waters have a  
pH high enough to achieve equilibrium with respect to those  minerals.
. At the  low pHs of the  acid sulfate w aters , calcite is not s tab le  and 
dissociates according to the reactions:
CaCOg + H+ = HCOg' + C a2+
HCOg- + H+ = H2C 0 3°  
w here H2C 0 3° rep resen ts  aq u eo u s  carbon dioxide. Even when the dilute 
b icarbonate w aters follow the linear trend in the  diagram s, they do not have 
enough concentration of cations and bicarbonate to precipitate carbo na tes  or 
to be in equilibrium with them  (see  Figures 5 .19 to 5.21). Therefore another 
m echanism  is needed , other than the  carbonate  and  feldspar equilibrium, in 
order to explain the  linear trend of the dilute b icarbonate  and  all the acid 
sulfate waters. Several possibilities can be explored. Dilution of a  concentrated 
solution and  rock dissolution p rocesses  are  d iscussed  here.
D ilution  o f a C oncentrated Solution .- If a  w a te r  with com position 
m c a tio n i * m ca tio n 2 ' a n d  m H + i’ is a ssu m ed  to be diluted n  times, the  mH+1 will 
not d e c re a se  to a  value mH+ /n b ecau se  of the p resence  of other sp ec ie s  in
the  system, e. g. C 0 2, which can be dissolved from the  vapor p h ase  when the 
pH increases. Instead the pH will change  to a  new value mH+2. If conservation
of the  cations is a ssu m e d  during the  dilution p rocess , the  slope of the line
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connecting the initial and final points of this process in a  log (-m cation1 __ n ■^ j - ) v e r s u s
cation2 
t n 2  
H +
■) diagram will be
catipm
cation2
mH+2n2
cation2
m cation1 v 
m  n 1 )
-log n - n 1 (log m H+2 - log m H+1)
-log n - n 2 (log m H+2 - log m H + 1)
where n1 and n2 represent the charges of cations 1 and 2, respectively. From
this expression it can be concluded that only if n1= n2 would the slope be a
constant equal to 1. If n1 is different from n2, the graph should not be a  straight
line because it will depend on the hydrogen concentrations. However, it has
been shown in Chapter 3 that the waters of Nevado del Ruiz fall in two well-
defined mixing lines. In addition, the logarithmic activity diagrams for Ca and
Na, and Ca and K (Figures 5.12 and 5.13) show that the slope of those
diagrams is close to 2. If this value is substituted in the previous equation and 
making n1 = 2 for Ca and n2 =1 for Na, it results that log mH+2 = log(((mH+1)/n).
This suggests that the adjustments in pH in the waters after dilution produced
by the weak acids in the solution are minor in a  logarithmic scale and that the 
new pH can be approximated by -log((mH+1)/n). The previous discussion
suggests that a  dilution process could explain the linear trends observed in 
the phase  diagrams of Nevado del Ruiz. It can explain the slope of the 
diagrams but cannot explain the position or intercept.
R ock  D isso lu tion .-  The linear trends observed in the phase diagrams of 
Nevado del Ruiz appear to be very common in natural waters. Norton (1974) 
observed this behavior in the stream waters of the Rio Tanam a system, in
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Puerto Rico. Norton (1974) has  suggested  that if a  rock re leases  an equal 
number of moles of C a  and Mg to the solution it should produce the observed 
linear trends. Giggenbach et al. (1990) have suggested  that the acid sulfate 
w aters are  dissolving the rocks. For those reasons, the dissolution of rocks 
from Nevado del Ruiz with waters at different pHs was analyzed to se e  if that 
process could explain the observed linear trends.
Table 5.1 p resents the composition of a  basaltic andesite  and a  dacitic 
rock from Nevado del Ruiz (Vatin-Perignon et al., 1990) together with the 
composition of the averag e  basalt, the average  granite, and  the average 
crustal rock reported by Taylor (1964). In Figures 5.25a, b, c, and  d, 1 g of a  
basaltic andesite and 1 g of a  dacite from Nevado del Ruiz is a ssum ed  to have 
been dissolved by waters of different pHs to produce the lines presented in the 
d iagram s. If instead  of 1 g of rock ano ther m ass  is se lec ted , the graph 
generated  is still the sam e. The points are shifted along the line if the m ass  or 
the pH are changed. As long a s  the composition of the rock is the sam e (i.e. the 
m ass  proportion of the cations stays the sam e), the composition of the water 
falls on the sam e straight line. It can be  observed that the  two types of rocks 
produce lines very close to each  other. This is due to the logarithmic scale of 
these  diagrams.
It can  be observed in Figure 5.25 that the brackish acid sulfate waters 
and the dilute waters of Nevado del Ruiz follow the rock dissolution lines. The 
brackish bicarbonate and neutral chloride waters lie slightly offset from the rock 
dissolution lines in Figures 5.25c and d. W hen com pared with the  carbonate 
phase  diagrams of Figures 5.16 to 5.18 and with Figure 5.14 for K-feldspar and 
albite, it can be observed that the brackish neutral chloride and  bicarbonate 
w a ters  follow be tter  the  ca rb o n a te  equilibrium lines and  the  fe ldspar 
equilibrium line than the rock dissolution lines. In comparison, the dilute waters
Table 5.1. Composition in mg/kg of average crustal rocks (Taylor, 1964), and typical andesite and dacite from Nevado 
del Ruiz (Vatin-Perignon et al., 1990).
Rock type Ca Mg Na K Cl Si Fe B Li Mn Al F
A verage c ru sta l rock 4 1 5 0 0 2 3 3 0 0 2 3 6 0 0 2 0 9 0 0 1 3 0 2 8 1 5 0 0 5 6 3 0 0 1 0 2 0 9 5 0 8 2 3 0 0 6 2 5
A verage b a sa lt 6 7 2 0 0 4 5 0 0 0 1 9 4 0 0 8 3 0 0 6 0 2 4 0 0 0 0 8 5 6 0 0 5 1 0 1 5 0 0 8 7 6 0 0 4 0 0
A verage g ran ite 1 5 8 0 0 1 6 0 0 2 7 7 0 0 3 3 4 0 0 2 0 0 3 2 3 0 0 0 2 7 0 0 0 1 5 3 0 4 0 0 7 7 0 0 0 8 5 0
Ruiz dac ite 4 0 4 5 0 2 1 5 3 0 2 6 0 4 0 1 8 6 0 0 2 9 7 5 0 0 3 2 0 0 0 6 2 0 8 3 7 0 0
Ruiz basaltic  andesite 5 0 9 7 0 2 8 8 2 0 2 7 6 0 0 1 2 7 8 0 2 6 4 8 0 0 5 1 9 0 0 1 0 8 0 9 1 9 0 0
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waters, nt represents the charge of cation 1, and n2 the charge of cation 2.
The dissolution lines for basaltic andesite and a  dacite from Ruiz are shown in
the diagrams. Symbols as in Figure 5.1. a)Na and K, b)Ca and Mg, c)Ca and 
Na, and d)Ca and K.
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and  the  acid sulfate w ater se em  to follow the  rock dissolution lines. The 
carbonate  equilibrium lines, the K-feldspar-albite, and  the  annite-phlogopite 
equilibrium lines lie very close to the rock dissolution lines at the temperature 
and p ressu res  considered in this work.
SU M M A R Y
Giggenbach diagram s were constructed  to study the  maturity of the 
fluids with respect to the  mineral a ssem b lag e  quartz, clinochlore, calcite, 
muscovite, albite, and  K-feldspar. The w aters of Ruiz are  not in equilibrium 
and  they a p p e a r  to be of the  intermediate s tag e  in the  p ro ce ss  of rock 
dissolution evolving to completely equilibrated m ature waters. It is evident 
from the  previous discussion that the different geotherm om eters for Na, K, Ca, 
and Mg involving the mineral p h a se s  of th e se  diagram s cannot be applied at 
Ruiz. The geotherm om eters a ssu m e  equilibrium with respec t to the minerals 
involved.
G iggenbach  d iagram s do not allow one  to ch eck  equilibrium with 
simpler system s or other s e ts  of alteration minerals. In order to study more 
carefully the  mineral-fluid interactions of th e se  w aters, simpler equilibrium- 
activity diagrams were constructed. T he acid su lfa te  w a te rs  fall in the 
kaolinite-pyrophyllite stability field, if a  tem perature  of 100° C is considered, 
and in the kaolinite stability field, if a  tem perature of 175° C is considered. With 
decreasing  acidity, the waters have compositions which ap p ea r  to be buffered 
by the mineral a ssem blages  laumontite or prehnite + clinochlore + K-feldspar + 
albite. Phlogopite and  annite could be also  p resen t at depth. Equilibrium 
activity diagram s show  very-well defined linear trends, from the  highly acid 
sulfate w aters very near  the volcano and  the Villamaria-Termales fault to the 
bicarbonate and neutral chloride w aters farther away from the volcano. The
composition of the waters in these activity diagrams is colinear with the calcite- 
dolomite, calcite-siderite, and dolomite-siderite equilibrium lines.
Na and K diagrams are colinear with the albite-K-feldspar equilibrium 
line. Na + K are com pensated  by the chloride ion in the acid sulfate and 
neutral chloride waters; the only exception being Aguas Calientes which is 
richer in chloride. Logarithmic concentration diagrams constructed to check the 
saturation s ta te  of th ese  w aters indicate that the neutral chloride and 
bicarbonate waters are supersaturated with respect to calcite, dolomite, and 
siderite. The sam e type of diagrams indicates the brackish acid sulfate waters 
are supersaturated with respect to alunite and anhydrite.
Dilution (or mixing) processes  can explain the slope of the linear trends 
observed in the phase  diagrams. In addition, dissolution of Nevado del Ruiz 
volcanic rocks in waters of different pHs reproduces the linear trends observed 
in the acid sulfate brackish waters and in the dilute waters of Nevado del Ruiz.
CHAPTER 6. REACTION PATH MODELING AT NEVADO DEL RUIZ
HYDROTHERMAL SY STEM .
IN T R O D U C T IO N
Som e of the  chemical properties of the hydrothermal fluids at Nevado 
del Ruiz have been  presen ted  in the previous chapters . It w as possible to 
identify two distinct w ater types. The minerals predicted by the  equilibrium 
activity d iagram s and  tho se  identified in sam p les  collected at or near  the 
discharge sites must be the result of the chemical reaction of the geothermal 
fluids with the country rock.
Numerical simulation of the chemical reactions between the  fluids and 
the  country  rock a t  N evado  del Ruiz should  rep ro duce  the  mineral 
a ssem b lag es  found at the surface conditions, or they may be slightly different, 
given the conditions of oxygen fugacity, p ressure , and tem pera ture  found at 
depth. O ne interesting aspec t to investigate is the possibility that the fluids of 
the composition of th o se  discharged  at the volcanic cra ter can produce the 
hydrothermal alteration minerals observed in th ese  rocks.
The chemical composition of the g a s e s  at Nevado del Ruiz crater (ER) 
the day  before the November 1985 eruption (Giggenbach et al., 1990) can be 
used  a s  the starting fluid for simulation of the  reactions between the  fluid and 
the  country rock. T h ese  g a se s  can be condensed  to make up the  fluid that 
reacts with the volcanic rocks at Ruiz. The reactions between this fluid and the 
country rock w ere  simulated and  the  com puted  mineral a sse m b la g e  w as 
compared with the mineral a ssem b lages  found at the acid sulfate sites.
The fluids from Las Nereidas could be used  a s  the  starting fluid that 
reacts  with the  volcanic rocks to produce the alteration mineral a ssem b lage  
found in the  bicarbonate and  neutral chloride waters. This fluid is very rich in
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bicarbonate and has a  composition which suggests it is derived from the deep 
chloride waters and enriched with bicarbonate. Las Nereidas is very close to 
the volcanic summit and may have som e input of C 0 2 from the volcano. Clay
minerals were not identified in the alteration products of the bicarbonate and 
neutral chloride waters. The purpose of this simulation was to investigate if it is 
possible to have deposition of carbonates and silica only at the conditions 
near the surface. The reactions were simulated and the computed mineral 
assem blage  w as com pared with the mineral assem blage  observed in this 
second water type.
Several com puter codes  are available that simulate reaction path 
between a  solution and a  rock of a  given composition. PHRQPITZ (Plummer et 
al., 1989) cannot be used because  its computer code does not take aluminum 
into account. As a  consequence , reactions involving Al-silicates and clay 
minerals cannot be modelled with the present version of this program. EQ6 
(Wolery, 1979) involves only a  liquid solution, and it is not possible to consider 
the gaseou s  phase  when one is modelling rock-fluid reactions with the present 
version.
The com puter code CHILLER (Spycher and Reed, 1990a) has the 
capability to include a  gaseous phase, a s  well as  a liquid and solidus phase, in 
the analyzed chemical system. The thermodynamic da ta  base  used in this 
program is reasonably complete and appropriate for modelling hydrothermal 
alteration of andesitic  rocks. This program can  model boiling, cooling, 
evaporation, and mixing of fluids, a s  well a s  rock titration in a  wide variety of 
conditions. For these  reasons, CHILLER was selected to model the fluid-rock 
reactions at Nevado del Ruiz. A brief description of CHILLER, the conditions 
assum ed  in the simulations, and a  discussion of the results are presented in 
this chapter.
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THE COMPUTER PROGRAMS CHILLER AND SOLVEQ
CHILLER is a  com puter program  that w as originally developed  for 
modelling th e  chem ical p ro c e sse s  involved in hydrotherm al ore g e n e s is  
(Spycher and  R eed, 1990a). However, it can  be applied to a  wide variety of 
problem s, including p ro cesses  in active hydrotherm al system s. This includes 
the  calculation of the  s ta te  of chem ical equilibrium involving gas-solid-aqueous 
system s. The input da ta  for CHILLER m ust first be charge-balanced  by using 
the  program  SOLVEQ (Spycher and  R eed , 1990b), which is a  chem ical 
speciation program to identify the minerals that could be in equilibrium with the 
water. It calculates hom ogeneous equilibrium a s  well a s  partial heterogeneous 
equilibrium, w here a  given w ater is forced to be in equilibrium with specified 
m inerals or g ases .
In th e  p rog ram s CHILLER an d  SOLVEQ, geochem ica l p ro c e sse s
involving ch an g es  in com position, p ressu re , or tem pera tu re  a re  m odelled by
in c re m e n ta lly  c h a n g in g  c o m p o s itio n , p r e s s u re ,  a n d  te m p e ra tu re .
C onsequen tly , the  h e te ro g en eo u s equilibrium is calcu lated  in a  se rie s  of
discrete calculations (Reed, 1982). This is an alternative m ethod to the solution
of differential equations p resen ted  in o ther program s, such  a s  EQ6  (Wolery,
1979). R eed (1982) s ta te s  that it is easie r to use  this m ethod to model complex
p ro ce sse s  from the com putational point of view. He no tes that the m ovem ent
of fluids under tem pera tu re  and p ressu re  g rad ien ts with the  precipitation of
m inerals would be eas ie r to model by incrementally changing the tem perature,
p re s su re , a n d  com position . He a lso  exp la ins th a t, for a  sy s tem  with 
com ponents designated  by the subscript (i) and with irij num ber of m oles, the
s e t  of equations defining the  system  at a  given p ressu re  and tem pera tu re  is 
equal to the  num ber of com ponents (N j) plus the num ber of sa tu ra ted  minerals
and g a s e s  (N^). This se t of equations is form ed by Nj m ass balance equations
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which include the  m inerals, g a se s , a q u eo u s  com plexes and d issociated  
spec ies  for each  com ponent. The molalities of the aqueous com plexes are  
replaced by the appropriate m ass action expressions for the dissociation of 
com plexes to com ponent sp e c ie s  a s  well a s  for th e  oxidation-reduction 
reactions. In this way, the num ber of equations is reduced. The se t of equations 
is solved using standard  N ew ton-R aphson techniques. The input to the  
program  includes the tem perature, p ressu re  and composition of the p h a ses  
involved in the problem.
S O L V E Q
SOLVEQ (S pycher an d  R eed ,1990b) is a  chem ical sp ecia tion
FORTRAN com puter program which com putes multicomponent hom ogeneous
chem ical equilibria in aqueous system . SOLVEQ can also be used to calculate
partial he te rogeneous equilibrium by forcing equilibration of a  given w ater
with specified m inerals or g a s  p h a ses . The forced equilibria fix the  total
a q u e o u s  concen tra tions of o ther specified  chem ical sp ec ie s . SOLVEQ
com putes the activities of all aqueous species, saturation indices of solids, and
fugacities of g a se s . The program  can also model som e basic geochem ical
p rocesses, such a s  changes in tem perature, mixing of solutions, and changes 
in pH. The redox equilibrium is calculated through the system  0 2-H20 - S 0 4-
H+ for oxidized w aters and the  system  HS-H20 - S 0 4-H+ for reduced w aters. 
SOLVEQ balances the charge  in the solution before it execu tes the  main 
calculations of the  program. O ne can specify the chemical species to be used  
in the  charge  balance procedure. The default choice is the  Cl" anion. The 
program CHILLER requires the solution to be  charge-balanced before one can 
input it into the program.
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C H IL L E R
CHILLER is th e  m ost a d v an c ed  version  of a  s e r ie s  of com pu ter 
program s developed  by Spycher and  R eed (1990a) to m odel m any different 
types of geochem ical p ro ce sse s . Evaporation can  be  sim ulated  a s  mixing of 
fluids with one  of th e  co m p o n en ts  having a  negative  m a ss  increm ent. It 
co m p u tes  boiling and  c o n d en sa tio n  p ro c e s s e s  using an  internal en thalpy  
equation . For th is study , the  m ost im portant capability of CHILLER is the  
modelling of rock titration. In this p rocess, a  fluid of a  given com position, at a  
c o n s tan t p ressu re  and  tem p era tu re , reac ts  with a  m a ss  of rock of a  given 
com position. T he rock m a ss  is ad d ed  in sm all increm ents to th e  fluid. The 
equilibrium  m ineral a sse m b la g e s , a s  well a s  th e  m a s s e s  of p rec ip ita ted  
m inerals, to g e th e r with th e  com position of the  fluid after each  increm ent are  
calcu lated  until all the  rock is ad d ed . Fractionation or non-fractionation of the  
m inerals precipitated from the solution can  be m odelled in this p rocess .
Even though CHILLER w as developed  for m odeling hydrotherm al ore 
gen esis  p ro ce sse s , it h a s  been  applied successfully  to o ther problem s, such a s  
th e  evaporation of w aters to p roduce evaporite m inerals, w eathering of basalt 
and  g ran ite  u n d e r oxidizing conditions, d ia g e n e s is  of a rkosic  sa n d , and  
mineral precipitation in g a s  wells (Spycher and  R eed, 1990a).
Both program s, SOLVEQ and CHILLER, u se  the  file called SOLTHERM 
a s  the  therm odynam ical d a ta  b a se . SOLTHERM is a  com prehensive  d a ta  file, 
which includes the  therm odynam ic c o n stan ts  for th e  m any different chem ical 
sp ec ie s  found in hydrotherm al system s.
REA C TIO N  S IM U LA TIO N S  
Acid sulfate waters
Rock titration p ro ce sse s  betw een the fluids of N evado del Ruiz volcano 
and  th e  volcanic rocks forming the  volcanic edifice w ere  sim ula ted  with the
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com puter program CHILLER. The composition of the  g a se s  collected the day 
before the  eruption of Novem ber 13, 1985 w as used  a s  the  primary fluid, to 
sim ulate the  reaction betw een the fluids and the  rocks in the acid sulfate 
environm ent near the Villa M aria-Term ales fault. The composition of these  
g a se s  w as 96.8 mol % w ater and 3.2 mol % other g a ses . The composition of 
the discharge is listed in Table 6 .1 (Giggenbach et al., 1990). The composition 
of the g a se s  at El Ruiz crater plot a s  the end m em ber com ponent in all the gas 
composition diagram s presented later in C hapter 7 of this work. Therefore, it is 
reasonab le  to a ssu m e  that they represen t the hydrotherm al g a se s  with the 
highest magmatic com ponent ever collected at Ruiz.
The thicker volcanic cover at Ruiz has been observed at the west, near 
Botero Londoho, and  is estim ated  to be around 1000 m (CHEC, 1983). 
Towards the acid sulfate w ater sites of Aguas Calientes and Term ales del Ruiz 
to the  N and NW, the  volcanic cover is thinner. As the  reaction betw een the 
acid fluids from the crater and the volcanic rocks should produce the mineral 
assem blage  observed at the acid sulfate sites, in this simulation the reactions 
w ere assum ed  to occur at an arbitrary p ressure  of 2 0 0  bars (about 800 m). 
The tem pera tu re  estim ated  with geo therm om eters for the  neutral chloride 
w aters a t Ruiz is about 175°C (Sturchio et al., 1988). There is no information 
about the  tem perature a t depth for the  acid sulfate w aters. However, after the 
Novem ber, 1985 eruption an increase in sulfate and  chloride concentration 
w as de tec ted  in A guas C alientes and  T erm ales del Ruiz acid sulfate sites 
(Sturchio and  Williams, 1990). In consequence , the  tem perature  at the acid 
sulfate w aters could be higher then 175°C because  they seem  to be nearer to 
the  m agm atic source. G iggenbach et al. (1990) have estim ated the  apparent 
sulfur dioxide-hydrogen sulfide equilibrium tem pera tu re  for the  volcanic 
g a s e s  at Ruiz a s  455°C and the CH4-C 0 -C 0 2 equilibrium tem perature a s
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Table 6.1. Composition of hydrothermal g ases  discharged at Nevado del Ruiz 
crater one day before the eruption of November 1985 (Giggenbach et al., 
1990).
Discharge tem perature : 86°C
Composition: 96.8 mol % and 3.2 mol % dry gases.
Dry gas (mol %)
co2 52.81
h 2 0 .66
HCI 3.75
h 2s 2.81
so2 38.59
n 2 0.75
CO 6.25E-5
Table 6.2. Composition of basaltic andesite for reaction with El Ruiz crater 
g a ses  (Vatin-Perignon et al., 1990)..
Oxide (wt%)
S i0 2 56.66
Al2 ° 3 17.36
Fe20 3 7.42
MnO 0.14
Ti02 0.90
MgO 4.78
CaO 7.13
Na20 3.72
k2o 1.54
p2 ° 5 0.24
156
286°C. An arbitrary tem perature of 200°C w as u sed  in the simulation. The gas 
composition, p ressure , and tem perature conditions were used  in order to find 
the  com position of the w ater at 200 bars and 200°C. This w ater composition 
w as u sed  in CHILLER to sim ulate a  reaction with a  basaltic-andesite rock from 
Ruiz. The location of this rock is p resen ted  in Figure 6.1. Its com position is 
listed in Table 6.2 (Vatin-Perignon et al., 1990). This rock com position w as 
se le c te d  b e c a u se  the  volcanic rocks a t th e  A guas C a lien tes  (AC) and  
T erm ales del Ruiz (TR) acid sulfate s ite s  a re  basaltic  an d es ite s , and  rock 
sam ple No. 16 of Vatin-Perignon e t al. (1990) is a  basaltic andesite  found near 
T erm ales del Ruiz. In addition, at the  m odeled depth, the rocks should belong 
to the lower volcanic units in Ruiz, which a re  basaltic andesites.
CHILLER h a s  the  capability to a ssu m e  fractionation or non-fractionation 
(open or c losed  system ) of the  m inerals form ed during the  reaction. In this 
problem, 0 .2  g of rock were added  in each  step  to a  solution derived from 1 mol 
of total gas. Non-fractionation p ro cesses could better represent the  situation at 
Ruiz, given th e  low velocities of fluid m ovem ent found in g roundw ater 
p ro cesses . For that reason , non-fractionation of the  precipitated m inerals w as 
a ssu m ed . During the  sim ulation, th e  rock w as added  to th e  fluid in small 
increm ents of m ass (0.2 g in this case). It w as observed that when the pH of the 
solution reached  a  value grea ter than 4, the solution achieved equilibrium with 
respect to several minerals at the sam e time. The solution w as sa tu ra ted  with 
re sp e c t to th e  m inerals M g-beidellite, quartz , anhydrite, a lun ite , pyrite, 
clinochlore, and  hem atite. For that reason , the  program  could not converge 
after the  solution achieved that d eg ree  of neutralization. This m ean s that the 
program  could not calculate the equilibrium composition of the  solid and  liquid 
p h a se s  in the num ber of iterations estab lished  in the program , even when the 
rock increm ents w ere reduced. The m ass of rock added  at this point w as 3.0 g,
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Figure 6.1. Simplified geological m ap of Nevado del Ruiz volcano showing 
the location of rock sam ple num ber 16 of Vatin-Perignon et al. (1990). Sam ple 
N° 16 is a  basaltic andesite  used  in the rock-fluid interactions simulated with 
CHILLER. (After Vatin-perignon et al., 1990).
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The last increm ent added  successfully  w as 2.8 g, which co rresponds to an 
initial solution/rock ratio of 6 .8 . For the purpose of the  simulation, the results at 
that point w ere consisten t with the observed  mineral a ssem b lag e  in the  acid 
sulfate w ater sites. The simulation w as stopped at that point.
Table 6.3 and Figure 6.2 for the  cations, and 6.3 for the  anions, present 
the  equilibrium concentration of the  different ions after each  increm ent of rock 
is a d d ed . By com parison  of the  sim ulation resu lts  of T able  6 .3  with the  
com positions of main cations of the real brackish acid sulfate w ater at Ruiz 
(Table 6.4) , it can  be observed  that the com positions correspond to very high 
fluid/rock ratios o r the  early s ta g e s  of rock-fluid reaction in the  p resen t 
simulation.
Figure 6 .4  show s th e  am oun t of hydrotherm al a ltera tion  m inerals
obtained in the  simulation after the  addition of each  rock increm ent. It can  be
observed that the  first m inerals to form are  quartz and  pyrite. They form even at
the  very acid initial conditions of rock-fluid reaction an d  w hen the  relative
am ount of fluid/altered rock is very high. The se co n d  m ineral to form is
anhydrite. The form ation of anhydrite could explain the  first ch an g e  in slope
observed  in the calcium curve of Figure 6.2. The next mineral to precipitate is
alunite. The formation of alunite produces the  decline in the  K curve of Figure
6.2. It can  be concluded that the mineral a ssem b lag e  quartz-pyrite-anhydrite-
alunite predom inates at the  very acid conditions of the  early s ta g e s  of m odeled
rock-fluid reaction. Clay m inerals a re  not form ed in th is very early s tag e .
Kaolinite is form ed later (1g of rock added). The change  in th e  slope of the 
quartz curve corresponds to  the formation of kaolinite, b e c a u se  som e S i0 2 is
consum ed in the formation of kaolinite. Kaolinite d isappears w hen the  sm ectite 
Mg-beidellite s ta rts  to be produced, indicating that Mg-beidellite is form ed at 
the expense  of kaolinite by incongruent dissolution. The reaction is a s  follows:
Table 6.3. Computed water chemistry after numerical simulation of reaction of a basaltic andesite from Nevado del 
Ruiz with a fluid condensed from volcanic gases of this volcano. Concentrations in mol/kg.
rock added (gr) original sol./rock H Cl S04 HC03 HS Si02 Al Ca Mg Fo K Na
0.0 2.169+0 7.09O-2 5.460-1 6.260-5 2.370-1
0.2 95.55 1.160+0 6.970-2 5.330-1 6.260-5 2.140-1 3.206-3 3.950-2 1.480-2 1.380-2 2.460-6 3.800-3 1.390-2
0.4 47.77 9.400-1 6.950-2 5.290-1 6.150-5 1.940-1 3.140-3 7.900-2 2.230-2 2.750-2 1.220-6 7.580-3 2.78e-2
0.6 31.85 7.540-1 6.950-2 4.680-1 6.170-5 1.730-1 3.140-3 1.030-1 1.340-2 4.120-2 5.500-7 6.340-3 4.176-2
0.8 23.89 5.980-1 6.940-2 4.460-1 6.270-5 1.530-1 3.170-3 1.120-1 7.380-3 5.490-2 2.24e-7 6.520-5 5.560-2
1.0 19.11 4.439-1 6.940-2 4.170-1 6.389-5 1.330-1 3.220-3 1.280-1 2.460-3 6.860-2 4.070-8 4.510-8 6.940-2
1.2 15.92 4.168-1 6.94e-2 3.930-1 6.48e-5 1.130-1 3.260-3 1.010-1 2.300-3 B.230-2 4.700-8 5.380-8 8.33e-2
1.4 13.65 3.890-1 6.950-2 3.70O-1 6.580-5 9.260-2 3.300-3 7.400-2 2.090-3 9.610-2 5.450-8 6.710-8 9.730-2
1.6 11.94 3.580-1 6.95e-2 3.460-1 6.68e-5 7.250-2 3.340-3 4.800-2 1.810-3 1.100-1 6.270-B 9.070-8 1.110-1
1.8 10.62 3.210-1 6.95e-2 3.220-1 6.780-5 5.23e-2 3.380-3 2.42e-2 1.430-3 1.240-1 6.920-8 1.450-7 1.250-1
2.0 9.55 2.650-1 6.950-2 2.980-1 6.89e-5 3.210-2 3.43e-3 6.88e-3 9.290-4 1.370-1 6.730-8 3.590-7 1.390-1
2.2 8.69 1.740-1 6.950-2 2.74e-1 7.009-5 1.190-2 3.480-3 9.170-4 5.08e-4 1.510-1 9.07O-8 2 .080-6 1.530-1
2.4 7.96 1.160-1 6.930-2 2.500-1 7.050-5 1.420-5 3.500-3 2.820-4 3.880-4 1.400-1 4.700-3 8.57e-6 1.660-1
2.6 7.35 4.100-2 6.93e-2 2.29e-1 7.100-5 5.130-6 3.510-3 2.590-5 2.840-4 1.520-1 3.010-3 8.630-4 1.80O-1
2.8 6.82 3.150-2 6.930-2 2.110-1 7.100-5 5.390-6 3.510-3 1.610-5 2.770-4 3.120-1 1.600-3 2.820-3 1.940-1
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Figure 6.2. Computed cation composition of Nevado del Ruiz hydrothermal 
water after simulation of reaction of condensed g ases  from El Ruiz crater with 
increasing portions of basaltic-andesite rock. P = 200 bars, T = 200°C.
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Figure 6.3. Com puted anion com position of Nevado del Ruiz hydrotherm al 
w ater after simulation of reaction of co n d en sed  g a s e s  from El Ruiz c ra ter with
increasing portions of basaltic-andesite  rock. P = 200 bars, T = 200°C.
Table 6.4. Cation composition of brackish acid sulfate springs at Nevado del Ruiz. Concentrations in mol/kg.
Name Initial Ca Mg Na K
Termales el Ruiz 1 7R 6.84e-3 1.03e-2 2 .206-2 5.40e-3
La Hedionda m 2.30e-3 2.39e-3 2.83e-3 4.09e-4
Aguas Calientes AC 5.34e-3 6.38e-3 1.22e -2 5.73e-3
Termales £1 Ruiz TER 4.15e-3 5.51 e-3 1.30e-2 2.00e-3
Agua Blanca AB 1.00e -2 3.54e-3 4.96e-3 3.84e-4
Rio Guali R3 5.94e-3 1.56e-3 1.44e-3 2.56e-4
Table 6.5. Computed mass of minerals formed after numerical simulation of reaction of a  basaltic andesite from 
Nevado del Ruiz with a fluid condensed from volcanic gases of this volcano. Mass in grams.
Rock added Quartz Pyrite Anhydrite Alunite Kaolinite Beide-Mg
0.2 0.110 0.022
0.4 0.223 0 .045 0.017
0.6 0.337 0 .067 0.072 0.036
0.8 0.450 0 .089 0.121 0.108
1.0 0.550 0.111 0.167 0.135 0 .028
1.2 0 .606 0 .134 0.202 0.162 0.151
1.4 0 .663 0 .156 0.237 0 .190 0 .273
1.6 0 .720 0 .178 0.273 0 .217 0 .394
1.8 0 .779 0.201 0.308 0.244 0 .509
2.0 0 .845 0 .223 0.344 0.271 0.611
2.2 0 .923 0 .245 0.380 0.298 0 .687
2 .4 0 .806 0 .258 0.415 0.325 0.909
2.6 0.868 0 .258 0.449 0.346 0.992
2.8 0 .927 0 .258 0,484 0.359 1.048
H em atite
0.062  0 .033
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Figure 6.4. M ass of m inerals form ed after simulation of reaction of El Ruiz 
c ra ter fluids with increasing portions of basaltic andesite rock. All m a sse s  are
per kg of water. P = 200 bars, T = 200°C.
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2.33AI2Si20 5 (0H )4 + 2 .68Si02(aq) + 0.33Mg2+ — > 
kaolinite
^ 9 o .  165^2.33^3.67^12*~*2 + 0-66H+ + 2.33H20  
Mg-beidellite
The formation of sm ectite corresponds to the small change in slope of the 
m agnesium curve in Figure 6.2. The change in slope in the pyrite curve in 
Figure 6.4 corresponds to the fast increase in iron in Figure 6.2 and the abrupt 
d e c rea se  in HS‘ in Figure 6.3. This appears to indicate that the solution is 
reaching conditions in which pyrite and HS' are not stable. The appearance of 
clinochlore and hematite in the later stage of the simulation suggests that is 
the case.
The appearance of hematite at this point in the simulation does not 
imply a  profound change in oxygen fugacity. In the discussion of g ases , 
C hapter 7 of this work, it is found that based  on the redox reaction of 
decomposition of water into oxygen and hydrogen, the oxygen fugacity of El 
Ruiz crater g ases  is 10"381 at 200° C. At the acid conditions found at the crater, 
that fugacity corresponds to reducing g ases  and the solution composition falls 
in the pyrite stability field. This is shown in Figure 6.5 (Henley et al., 1984). If 
the oxygen fugacity does not change during the simulation, and the pH is 
increased, the reaction path indicated by the thick dashed line in Figure 6.5 will 
encounter the pyrite-hematite stability boundary at a  pH a  little higher than 4, 
a s  it was found in the simulation.
B ic a rb o n a te  w a te rs
In the previous simulation, carbon dioxide did not participate in the 
chem ical reactions given the very acid conditions which preclude the
1 6 6
T = 2 0 0 °C
-35
- 4 0
- 4 5
-50
PH
Figure 6.5. Redox diagram showing the stability fields for different sulfur and 
iron minerals. The fugacity of oxygen w as estim ated from the composition of 
the g a ses . If the  fugacity of oxygen rem ains constant during the simulated 
reaction and the pH increases, the system  can change from the stability field of 
pyrite to stability field of hematite without increasing the oxygen fugacity. The 
reaction path is illustrated with the arrow in the diagram  (After Henley et al., 
1984).
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predominance of the bicarbonate ion (see Figure 6.3). It remains non-reactive 
with the rock in the simulations, and none of the minerals formed is a  
carbonate mineral. The situation is different when the reaction between the 
fluids from Las Nereidas and the volcanic rocks are simulated. Because the 
initial pH is higher than 6 , the bicarbonate ion plays a  more important role in 
subsequent chemical evolution. The results reported here correspond to a 
sim ulated p ressure  of 1 bar and a  tem perature equal to the  discharge 
tem perature of 47°C.
The water from Las Nereidas (LN) was made to react with the basaltic- 
andesite of the previous simulation. The purpose of the simulation was to see  if 
the mineral assem blage observed at the surface could be reproduced or not. In 
addition, the proportion of g ases and water in the total discharge is unknown, 
and they could not be added to make up the fluid at high pressure and 
tem perature. The mineral assem blage obtained in this simulation resem bles 
the minerals identified by X-ray diffraction. The results for the simulated water 
chemistry are presented in Table 6.6  and Figures 6.6  for the cations and 6.7 for 
the anions. The minerals produced with the simulation are presented in Figure 
6 .8  and Table 6.7. In the model calculations, cristobalite, anhydrite, dolomite, 
hematite, and calcite are formed together with clinochlore, K-feldspar, and 
very minor am ounts of apatite-fluorite. Apatite and clinochlore were not 
identified in the sam ples analyzed with X-ray diffraction. However, in this 
simulation it was observed that the simulated solution was rapidly depleted in 
bicarbonate and m agnesium with respect to the initial concentrations. The 
formation of large am ounts of clinochlore leaves the  solution depleted in 
magnesium. In comparison, the real bicarbonate and neutral chloride waters 
have much higher concentrations of bicarbonate and at least one order of 
m agnitude higher concentrations of m agnesium  in the solution. In the
Table 6.6. Computed water chemistry after numerical simulation of reaction of a  basaltic andesite from Nevado del Ruiz 
with Las Nereidas bicarbonate waters. Concentrations in mol/kg.
rock added (g ) original sol./rock H Cl S04 HC03 Si02
0.000 4.450-3 2.45e-3 7.490-3 2.450-3
O.OSO 20026 2.086-8 4.450-3 2.450-3 3.200-4 6.980-4
0.100 10013 1.91e-6 4.450-3 2.450-3 3.480-4 7.000-4
0.150 6675 1.70O-6 4.450-3 2.450-3 3.930-4 7.02e-4
0.200 5007 1.720-8 4.450-3 2.450-3 3.880-4 7.02O-4
0.250 4005 1.770-8 4.450-3 2.450-3 3.790-4 7.010-4
0.300 3336 1.780-8 4.450-3 2.450-3 3.770-4 7.01 o-4
Al Ca Mg Fo K Na Mn F
5.560-6 2.440-3 1.60O-3 5.370-7 3.580-4 4.09O-3 7.830-8 8.420-6
1.540-13 1.930-3 6.190-4 9.190-12 3.740-4 4.150-3 8.810-6 7.850-6
3.160-13 2.120-3 4.08O-4 9.210-12 3.910-4 4.210-3 9.80O-6 7.290-6
7.70O-13 2.270-3 2.370-4 9.240-12 4.07O-4 4.270-3 1.08e-5 6.730-6
4.110-12 2.340-3 1.240-4 9.240-12 4.230-4 4.330-3 1.180-5 6 .160-6
4.270-8 2.470-3 3.210-6 9.230-12 3.420-4 4.390-3 1.280-5 5.60O-6
6.890-8 2.50e-3 2.680-6 9.230-12 2.120-4 4.450-3 1.370-5 5.04O-6
Table 6.7. Computed mass of minerals formed after numerical simulation of reaction of a  basaltic andesite from 
Nevado del Ruiz with Las Nereidas bicarbonate waters. Mass in grams.
rock add ed (g ) initial sol./rock apat-flu c lc ll  4/2 c r is to -a dolomite hematite calcite K-feldspar
0 .050 2 0026 2.86e-4 4.896-2 1.23e-1 1.068-1 3.758-3
0.100 10013 5.706-4 9.62e-2 1.38e-1 8.286-2 7.46e-3
0.150 6675 8.54e-4 1.44e-1 1.516-1 4.680-2 1.126-2 9.896-3
0.200 5 0 0 7 1.146-3 1.916-1 1.64e-1 1.496-2 3.43e-2
0 .250 4 0 0 5 1.42e-3 2.116-1 1.68e-1 1.866-2 2.786-2 2.73e-2
0.300 3 3 3 8 1.716-3 2.18e-1 1.68e-1 2.236-2 3.056-2 6.816-2
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Figure 6 .6 . Com puted cation composition of N evado del Ruiz hydrothermal 
w ater after simulation of reaction of Las N ereidas (LN) w a ters  with increasing 
portions of basaltic-andesite rock. P = 1 bar, T  = 47°C.
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Figure 6.7. Com puted anion composition of Nevado del Ruiz hydrothermal 
water after simulation of reaction of Las Nereidas (LN) w aters with increasing 
portions of basaltic-andesite rock. P = 1 bar, T = 47°C.
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Figure 6 .8 . Mass of minerals formed after simulation of reaction of Las 
Nereidas (LN) waters with increasing portions of basaltic andesite rock. All 
m asses are per kg of water. P = 1 bar, T = 47°C.
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sim ulation, dolomite w as formed first and  w as later rep laced  by calcite. K- 
feldspar appears  only later in the simulation.
The simulation did not reproduce exactly the  mineral a ssem b lag e  and 
the chemistry of the  w aters observed at these  sites. The predom inant formation 
of carbonates is observed  in the real sam ples rather than the large am ounts of 
clinochlore p roduced  in the  sim ulation. T he g a s e o u s  p h a se  m ust be 
considered  in order to reproduce a  more realistic mineral a ssem b lage  for this 
second  type of water. In reality, when the bicarbonate ion is consum ed in the 
reactions, the solution can take more carbon dioxide from the g a seo u s  phase.
In addition, the  reactions betw een  the  g a se o u s  carbon dioxide w ere not 
considered. This complication w as not p resen t in the  c a se  of the  acid sulfate 
w aters b ecau se  bicarbonate behaves a s  a  spec ies  which d o es  not react with 
the rocks in those waters.
D IS C U S S IO N
The simulation of the  reactions betw een the  hydrothermal fluids and the 
basaltic  a n d es ite s  of the  lower volcanic units at Ruiz using th e  com puter 
program  CHILLER, h as proven to be useful to reproduce the  hydrotherm al 
alteration  m ineral a sse m b la g e  and  reaction path . T he sim ulated  reaction 
betw een the hydrothermal fluids d ischarged at El Ruiz crater and  the  basaltic- 
a n d esites  of Ruiz predicts the  formation of quartz  and pyrite at very low pH 
follow ed by anhydrite  an d  a lunite. This o rd e r an d  a  sim ilar m ineral 
a ssem b lag e  have been  identified in the sam ples collected at the  acid sulfate 
d ischarge sites (C hapter 4 of this work). The difference is that cristobalite has 
been  identified instead  of quartz. At the  low p ressu re  surficial conditions, the  
formation of cristobalite is kinetically favored rather than  quartz. The chemistry 
of the  w aters at th e se  sites a re  similar to the  simulation results, indicating very
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high fluid/altered rock ratios. The results predict that clays should not be 
forming at the discharge sites of the acid sulfate w aters at Ruiz. The actual 
am ount of sm ectite  and  kaolinite identified in sam p les  D8  and D10, 
respectively, is very small and may indicate a  sm aller fluid/rock ratio for these  
rocks.
According to the simulation results, the formation of kaolinite and later 
Mg-beidellite and clinochlore requires sm aller fluid/altered rock ratio and the 
w aters should have higher TDS than the w aters collected at the acid sulfate 
sites. It is possible that, in the deeper parts of the hydrothermal system, these  
reactions could be happening.
For the  bicarbonate and neutral chloride w aters, CHILLER predicts the 
form ation of cristobalite, ca rb o n a tes , hem atite, anhydrite, apatite , and 
clinochlore at the discharge conditions. However, the chemistry of the waters 
w as not reproduced and the program predicts high am ounts of clinochlore to 
be formed. In order to reproduce more precisely the minerals and reaction path 
of th ese  w aters when they interact with the volcanic rocks, it is necessary  to 
know the w ater and vapor fraction of the  total d ischarge a s  well a s  the 
composition. In that way, the correct concentrations of bicarbonate ion in the 
solution could be known.
In th ese  simulations with CHILLER, the kinetics of the different chemical 
reactions have not been taken into account because  the program is not time 
dependent. It has been assum ed that the fluid stays in contact with the rock 
long enough to achieve equilibrium with respect to the precipitated minerals. 
This is not necessarily the c a se  in the  real interaction betw een rocks and 
hydrothermal fluids, where the mineral assem blage should depend also on the 
kinetics of the different reactions and the period of time that rock and fluid have 
interacted.
174
In reality, nature p roceeds in an opposite s e n se  to the  direction assum ed  in 
th e se  sim ulations. Fluid is added  to the rock instead  of rock to the fluid. The 
se q u e n c e  of m inerals ob tained  in this sim ulation should be inverted. The 
m ineral a ssem b lag e  pyrite-alunite-quartz-anhydrite in the  acid sulfate w ater 
sites corresponds to the  more altered rocks and higher fluid/altered rock ratios. 
High fluid velocities at the  perm eab le  faults produce high fluid/altered rock 
ratios. At the wallrock the  fluid should move slow er and lower ratios should be 
expected . Clay minerals m ay be forming at the wall rock farther away from the 
perm eable faults.
CHILLER h as proven to  be  a  useful program  which can predict, with som e 
accuracy , the reaction path followed by the chem ical interaction betw een the 
n ear m agm atic environm ent hydrotherm al fluids and  the  country rock. T hese  
results support the  hypothesis that the  interaction betw een the  hydrothermal 
and  m agm atic system s at Ruiz p roduces the  reactive fluids which a re  capable 
of altering the rocks in the observed m anner.
CHAPTER 7. GAS THERMODYNAMICS
IN TR O D U C TIO N
The chemical composition and redox equilibrium conditions of g a se s  
d ischarged  from the Nevado del Ruiz Volcano hydrotherm al system  are 
p resen ted  in this chapter. A review of the composition of volcanic and 
hydrothermal g a ses  at other volcanic hydrothermal system s is presented first, 
in order to understand the differences and similarities of Ruiz g a ses  with other 
system s. A summary of the redox processes inferred in volcanic hydrothermal 
system s is presented  next. This is followed by an analysis of compositional 
trends and several possible redox reactions in this system . This allows the 
identification of possible sources of g a se s  into the hydrothermal system  a s  
well a s  the  characterization  of the  possib le  volatile-related  chem ical 
p rocesses that may be happening in the system.
Composition of volcanic-hydrothermal gases
In this work, the term volcanic g as  is defined a s  g as  released from the
magmatic source of an active volcano. The term hydrothermal g as is defined
a s  g as  re leased  from the hot w ater reservoir surrounding the m agm atic
environm ent. Volcanic g a s e s  a re  very different in com position from
hydrothermal gases . Several authors have analyzed g a se s  from volcanoes.
Nordlie (1971) found that Kilauea volcano g a se s  have a  variable composition, 
with a  H20  concentration between 4 and 97 volume %, C 0 2 between <1 and
43 volume % , S 0 2 + S 0 3 between <1 and 10 volume %, and minor am ounts
of CO, H2, S2, HCI, N2, and Ar. This variability w as later better explained by
Gerlach (1986). He studied the composition of the two types of degassing  
recognized in Kilauea, which corrrespond to th e  two types of eruptions: 
summit and rift eruptions. The g a se s  released at the summit have a  different
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com position from the g a se s  re leased  from the rifts a t the  flanks of the  volcano. 
T he sum m it-related  type I d egass ing  h as  a  com position which is 35-60 
volum e % H20 ,  18-49 % C 0 2 , 11-17 % S 0 2 , and  <1 % H2S, with C 0 2 >
S 0 2 in concentration. The type II degassing  from rift zone  eruptions, is richer 
in S 0 2 than in C 0 2. Type I! g a se s  a re  77-83 %  H20 ,  12-17%  S 0 2 , and 3-4 % 
C 0 2. G erlach  h as  p roposed  th a t the  type  II g a s  h a s  a lready  suffered 
exsolution of C 0 2 in the m agm atic reservoir before it is erupted from the rift. 
Exsolution of g a s e s  in the rift zone  tak e s  p lace in two s ta g e s : one in the
m agm atic reservoir and the other at the  time of eruption. T he sum m it type I 
g a s e s  a re  exsolved in one s tag e  only. T he concentration of C 0 2 should be
higher than  S 0 2 in the  g a se s  exsolved in the  first of the two s ta g e s  for type II
g a se s . N evado del Ruiz and  o ther subduction vo lcanoes generally  do not
have d eg assin g  like this due  to ab sen c e  of rift-zone eruptions a s  a  comm on
event.
O ther a u th o rs  have  an a ly zed  g a s e s  from o th er v o lc a n o e s  and
hydrotherm al system s. Table 7.1 illustrates d a ta  reported in the  literature for
th e  com position of several volcanic and hydrotherm al g a se s . From th ese
an a ly se s , it can  be concluded that the  four m ajor com ponen ts of volcanic 
g a s e s  a re  H20 > C 0 2> S 0 2 >H2S. In a  few c a s e s  HCI is p resen t in a  g reater
proportion than  H2S, a s  in White Island and  Vulcano crater.
The proportion of the  different g a s e s  varies according to the  eruptive
s ta g e  of the  volcano. Menyailov (1975) h as  show n that, for vo lcanoes of
K am chatka and  th e  Kurile islands, th e  ratio S/Cl in c re a se s  prior to an
eruption, indicating the  a scen d  of new m agm a and  preferential exsolution of 
S 0 2, with respect to HCI.
G a se s  from hydrothermal system s asso c ia ted  with volcanoes a re  richer 
in H2S  than  in S 0 2 (Table 7.1). S 0 2 is considered  to have a  m agm atic origin
Table 7.1. Composition of volcanic gases of different volcanoes of the world. References: G = Giggenbach et al., 1986; 
SE = Sigvaldson and Ellison, 1968; I = Iwasaki, 1965; C = Chaigneau, 1960. In pmol/mol.
Location Date r c H20 CQ2 S02
Crater El Ruiz Sep-85 82 955000 23400 19800
Azutrera Las Nereidas Dic-86 85 644000 338000 1100
Bolero Londoflo Apr-88 93 998600 1310
Campl Flegrei May-86 156 744000 253000
Vutcano Beach May-86 97 875000 114000 2100
Vulcano Crater May-86 315 863000 113400 9150
Showashinzan June-85 336 998900 420 34
Ml.Usu June-85 690 993000 3850 230
Ngauruhoe July-78 640 960000 16050 10200
Keletahi Sept-79 136 956400 37800
White Island Feb-84 760 927000 52900 8150
White Island Spring Nov-84 100 975000 22700 220
Erta 'Ale lanuary-7< 1130 794000 10400 67800
Tecuamburro Nov.-86 95 901000 36740
Mt.St.Helens Sept-81 540 985000 9130 730
Papandayan Dic-85 400 959000 29360 6750
Da raj at Dic-85 104 942000 54000
Krafla August-78 300 985000 13150
Surtsey Feb-65 1673 861600 64700 18400
two Shima 740 984000 3000 4000
NasuDake 540 980000 5000 1000
Nyiragongo 980 429000 333000 37000
H2S HO H2 Ar N2 CH4 CO Rel.
1760 59 86 0.23 261 0.4 0.2 G
10400 320 1230 7.12 2100 1680.0 G
56 0.42 36 1.3 G
1510 30 230 1.28 945 33.3 0.5 G
800 70 208 18.00 4200 95.0 0.1 G
1950 9730 90 1.10 810 2.7 0.2 G
45 260 340 0.11 14 0.5 0.1 G
260 350 1930 0.34 120 5.3 1.6 G
6800 2500 2640 2.10 1700 0.3 42.0 G
1300 1020 0.48 540 1070.0 G
2450 5180 3020 0.50 210 10.0 42.3 G
1080 160 77 1.05 260 465.0 0.1 G
6200 4200 14900 10.00 1800 4600.0 G
5760 1 6.60 1480 4.0 0.2 G
1370 890 2440 0.76 470 0.2 13.0 G
2900 1250 140 0.40 550 0.6 0.3 G
2440 87 945 2.40 410 110.0 0.0 G
350 360 17.00 1180 1.9 0.8 G
4000 47000 700(+Ar) 3600.0 SE
300 500 2000 1
3000 300 400 1
4000 20000.0 C
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(Williams et al., 1990) and H2S can be produced by the  reduction of S 0 2.
G iggenbach  (1987) h a s  show n that, for W hite Island vo lcano , the  ratio 
S 0 2/H2S  d e c re a se s  with decreasing tem perature. The concentration of S 0 2 is
higher for the  dom inantly volcanic g a s e s  and d e c re a se s  a s  H2S b eco m es 
more important. Sulfur dioxide is p resen t only in the parts of the  hydrothermal
sy stem  n e a re r  to  the  m agm atic sy stem . In g en era l, the  com position of 
hydrotherm al g a s e s  is dominantly H20  (usually higher than 90%) and  of the
dry g a s e s  the  dom inant is carbon dioxide. Dry g a s e s  a re  g a s e s  o ther than 
H20  which are  p resen t in the discharge. Lower concentrations, relative to H20
and C 0 2, of o.ther g a se s  a s  H2S, S 0 2, H2, CH4, CO, N2, HCI and noble g a se s  
a re  also present.
Redox reactions in volcanic-hydrotherm al gases
"G iggenbach (1987) h as  studied th e  redox p ro c e sse s  controlling the  
com position of fum arolic g a s e s  in W hite Island vo lcano , New Z ealand . 
Through m any years of extensive sam pling and analyses of the  g a s e s  of the 
various fum aroles in the  c ra ter of this volcano, he h as been  able to  observe 
the  p ro cesses  which occur in the hydrothermal field very close to the  m agm atic 
environm ent. This study is particularly im portant, b e c a u se  it allow ed the  
identification of the different reactions in the  system . He h a s  proposed that the 
im portant reactions governing the com position of volcanic and hydrotherm al 
g a se s  are:
S ° 2(g) + H2(g) =: H2S (g)+ 2 H2°(g) e q .1
C° 2(g) + H2(g) = CO(g) + H2°(g) e q .2
C° 2(g) + 4 H2(g) = CH4(g) + 2H20 (g) eq .3
N2(g) + 3 H2(g) = 2 NH3(g) eq .4
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He u sed  the  tem pera tu re  d ep en d en ce  of the G ibbs free energ ies of 
formation for the different g aseo u s  species to obtain the equilibrium constants 
a s  a  function of tem perature  for each of the  previous reactions. In order to 
understand  the  behavior of th ese  reactions a s  a  function of tem perature in 
White Island volcano, he constructed the diagram  shown in Figure 7.1 in the 
following way:
a) He defined the param eters rH = ( Vi2o) a n d  r h  =  *°9  ( fH 2 /  fH 2 o ^  
w here fH and fH2Q are  the fugacities of g as  species H2 and H20 .  He u se s  
R h a s  the  d ep en d en t variable in Figure 7.1 rather than  fo 2- O xygen 
fugacities are  related to r^  through the reaction:
2H20  <==> 2H2 + 0 2 eq. 5
b) The equilibrium constant of each  of the four first reactions is exp ressed  
in term s of r^  . As an example, for the first reaction:
where is the equilibrium constant, Xj is the molar fraction of g as  i in the 
g a seo u s  solution, Tj is the activity coefficient of g a s  i in the solution, and fj
is the fugacity of g as  i.
Then
K1= ( XS 02/ XH2s ) •( r S02/ FH2s) rH3 fH20  
He found that for XH2q > 0.8 the  activity coefficient ratios never deviate
significantly from unity, and  that mole ratios could be u sed  instead  of 
fugacities without excessive errors. Then 
K1= ( x s o 2/ x h2s ) rH3fH2o
In a  similar way, for the other reactions:
* 2= ( x ccy x c o 2) rH 1
K3= (X c0 2/X CH4>'H4f2H20
K4= ( XN2 XH20 /X2NH3 )rH3 ,2H20
XX>* 200* 40C* txxr t( °C)
Figure 7.1. Stability diagram in the system H2 - H20  - C - S - Fe in terms of 
R|_l = log(XH2/XH2o )  and temperature. The different types of circles indicate
different fumaroles at White Island volcano crater. See  text for discussion 
(Giggenbach, 1987).
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c) In order to construct the diagram, isomolar concentrations were assum ed
and the ratios of molar fractions were made equal to one for equations 1
to 3. Then:
logK1= 3Rh + logfH20
logK2= - Rh 
logKg= 4 Rh + 2logfH2Q
T hese  three equations and the tem perature dependence  of each  one of 
the equilibrium constants were used  to plot the stability fields of the g a se s  
S 0 2, H2S, C 0 2, CH4, CO, H20 ,  and H2. As equations 1 and 3 depend on 
the  logfH20, the equilibrium lines for these  equations were plotted for 
assum ed  values for fH20 of 1 , 1 0 , 1 0 0 , and 1000  bars, a s  it is shown in the
diagram.
d) Redox reactions involving Fe(ll) and Fe(lll) a re  also plotted in the 
diagram. In each case , the i0^ is replaced by RH from equation 5. These
reactions rep resen t the conversion of magnetite to fayalite, pyrite to
pyrrhotite, and hematite to magnetite. However, there  is no reason to
consider any of th e se  s e ts  of minerals, in particular. For that reason,
Giggenbach sta tes that it is better to express this redox reaction in terms of 
the ferrous/ferric iron ratio of rock melts a s  function of f0 2  , since it has
been shown that the redox potentials determined on magmatic melts are 
equivalent to corresponding solids (Carmichael and Ghiorso, 1986). The 
reaction expressed in general terms can be written as:
4 (F e 0 15) = 4(FeO) + 0 2 
w here ( F e 0 1 5) and (FeO) represent oxides or aluminium silicates with
iron in both a  Fe(lll) and Fe(ll) redox state. For the diagram in Figure 7.1, 
the mineral pair fayalite-hematite thermodynamic d a ta  w as used  a s  the
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mineral pair representing (FeO) and ( F e 0 1 5). The value for this pair is 
-2 .8  and  do es  not depend on temperature.
e) Experimental d a ta  collected from 1974 to 1984 for the  fumaroles of 
White Island volcano are  plotted in the diagram. The different types of 
circles in the diagram correspond to the different sam pled fumaroles.
The diagram show s that at high tem perature, the conversion of S 0 2 to H2S, 
together with the conversion of FeO to F e 0 1 5 (i.e.fayalite to hematite) buffers
th e  system . This fact led him to p ropose  that the  redox reaction for the 
conversion of S 0 2 to H2S can  be better explained in te rm s of the following
reaction:
S ° 2 (g )  +  (F e ° ) ( s )  + H2 ° (g )  =  H2S (g) +  tF e °1 .5 ^  (s)
This equation explains the  oxidation of the rock matrix by sulfur dioxide and 
the  production of reduced hydrogen sulfide. This reaction can explain more 
realistically the  oxidation of iron minerals in an environment where the oxygen 
con ten ts  a re  very low. In addition, a t lower tem p era tu re s ,  deposition of 
elemental sulfur can  occur according to the reaction:
S ° 2 ( g )  +  H2 S (g) =  3S(s) +  2 H 2 ° (g )
The av e rag e  oxidation num ber of sulfur, ns , in c re a se s  with S 0 2 
content. A high ns  at low tem perature indicates a  high fluid velocity, in well- 
defined channels , and a  time too short for fluid-rock equilibration. A low ns 
indicates prolonged fluid-rock interaction. The ab sen c e  of S 0 2 in a  discharge
should indicate that the fluid has  travelled through the  rock long enough to 
oxidize the iron minerals in them and to convert S 0 2 to H2S.
G iggenbach (1987) h a s  also  proposed  that the  following secondary
reactions can o c c u r :
4 S (e) +  4 H 2 ° ( g )  =  3H 2S (g) +  H2S °4 (a q )
4 S ° 2 ( g )  + 4 H 2 ° ( g )  =  H2 S (g) +  3H 2S °4 (a q )
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T hese  could explain the p resence  of sulfuric acid in brines surrounding 
volcanoes.
For the carbon gases , Giggenbach (1987) has constructed a  diagram of 
log(XCQ/ XC02) versus temperature a s  shown in Figure 7.2. This diagram was
constructed in the following way:
a) The equation
K2= ( Xc o / XC02) rH‘1
was used  to obtain
i°gK2= !og( XCq/ XCq2) - r h
from which RH is obtained a s  a  function of log{ Xc o / XCq2).
b)Substitution of RH in each  one of the equations for the reactions
discussed in Figure 7.1 allows one to draw the stability fields of the g ases  
and minerals in log(Xc o /Xc 0 2 ) versus temperature space. Again, isomolar
fractions were assum ed for each of the reactions.
b) The experimental da ta  for White Island fumaroles were plotted in the 
diagram.
Figure 7.2 illustrates that, for White Island volcano, the  C 0 / C 0 2 
conversion is controlled by the FeO /Fe01 5 reaction because  the points tend to
align with that reaction line. Som e points fall a  little off the line because  the 
mineral pair fayalite/hematite was used  a s  F e O /F e 0 1 5 to construct the
diagram. In reality, other minerals could be present in the rocks.
In addition, it w as found in White Island that the reaction involving 
C 0 / C 0 2 equilibrates slower than the reaction S 0 2/H2S and reflects higher
pressure  and depth conditions. The reaction CH4/ C 0 2 is even slower than
C 0 / C 0 2 and  attaches equilibrium only in very slow moving, deep  parts of the
hydrothermal system , in White Island the  equilibrium conditions for the 
reaction NH3/N2 are similar to CH4/C 0 2.
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Figure 7.2. Plot of variation in mineral an d  g a s  redox buffers a s  a  function of 
(x C 0 /x C 0 2) and tem Pera ture- The different types of circles indicate different
fu m aro les  a t  W hite Island volcano  c ra te r .  S e e  tex t for d iscu ss ion  
(Giggenbach, 1987).
185
In conclusion, the three major redox sys tem s which control volcanic 
hydrothermal system s are: a) the rock buffer trying to maintain the RH = 2.8, 
which is the value for the F e 0 /F e 0 1 5 reaction; b) the S 0 2 - H2S g as  buffer at 
higher tem p era tu res  (>300°C), and; c) the C 0 2 -CH4 g a s  buffer at lower
tem pera tu res  (<300°C). Of these  three buffers, the dominant one is the rock 
buffer which allows only transitory and  local control of the g a s  buffers. With 
enough time and rock-fluid interaction, the rock buffer finally controls the 
hydrothermal system.
DATA B A SE .
The gas  analyses u sed  in the present work were taken from the CHEC
report (1983) and Giggenbach et al. (1990). Of the hydrothermal discharges
found in the study area, only eight present a  g a s  phase  (Figure 7.3 ). CHEC
reported only dry gas  concentrations for the different sites. Giggenbach et al.
(1990) reported dry g a s e s  for 5 of the sites (Aguas Calientes-AC, Botero
Londofio-BL, El Ruiz crater-ER, Azufrera Las Nereidas-LNA, and El Recodo-
RE) and total g a se s  for 3 sites only (El Ruiz crater-ER, Botero Londoho-BL,
and  Azufrera Las Nereidas-LNA). In this study, the  more recent d a ta  of
Gigenbach et al. have been  used, except in the three  p laces where only
CHEC has sampled. The da ta  for the dry analyses are presented in Table 7.2
and for the total g a se s  in Table 7.3.
CHEC researchers  collected the  g a s e s  in Soveril bottles when the
fluxes were large enough. Soveril is the  brand of large bottles that are
commonly used in this field. If the fluxes were small, the g a s e s  were collected
in a  syringe and injected into bottles filled with helium. In the field, they 
m easu red  C 0 2 and  H2S using Drager tubes  (Neumuller, 1987); and  S 0 2
and HCI, a s  well a s  a  partial portion of C 0 2 and H2S by absorption in NaOH
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Figure 7.3. Gas discharges at Nevado del Ruiz hydrothermal system.
Table 7.2. Composition of Nevado del Ruiz hydrothermal system gases. Water is not included. Concentrations in 
mmol/mol. References: G = Giggenbach et al., 1990; C = CHEC, 1983.
Initials Location Date T"C C02 H2S NH3 He Ne H2 Ar 02 02{+Ar) N2 CH4 N2/Ar Ret.
AC Aguas Calientes Apr-88 62 928.0 26.0 0.002 0.001 0.790 0.05 0.84 47.80 1.78 60.51 G
RGI Rio Guali 1 May-82 970.0 8.8 0.012 0.05 12.80 2.00 237.04 C
BL B. Londoflo spool Apr-88 93 933.0 40.0 0.600 0.300 0.30 25.70 0.89 85.67 G
ER Crater El Ruiz Sep-85 82 520.0 470.0 0.017 0.004 1.920 0.005 0 .00 5.80 0.01 1160.00 G
IN Las Nereidas May-82 47 980.0 3.9 0.003 0.40 14.40 1.90 36.00 C
LNA Las Nereidas Azufrera Dec-86 85 949.0 32.0 0.695 0.001 0.000 3.450 0.020 0.02 5.90 4.70 295.00 G
re EIRecodo Apr-88 56 375.0 4.0 0.011 0.009 8.500 8.50 602.00 9.60 70.82 G
H3 Hac. Granates Jun-82 55 37.7 17.50 928.40 16.50 53.05 C
Table 7.3. Composition of total gases of Nevado del Ruiz hydrothermal system. Concentrations in pmol/mol. 
Giggenbach et ai., 1990.
Initials Location Dale T-C H20 C02 S02 H2S HCI H2 Ar N2 CH4 00 N2/Ar(mol)
m Crater El Ruiz Sep-85 82 955000 23400 19800 1760 59 86.00 0.23 261 0.4 0.2 1134.783
LNA Azufrera Las Nereidas Dfc-86 85 644000 338000 1100 10400 320 1230.00 7.12 2100 1680.0 294.944
BL B. LondoAo spout Apr-88 93 998600 1310 0 56 0 0.08 0.42 36 1.3 85.714
Table 7.4. Hydrocarbon contents of vapor discharges at Nevado del Ruiz 
hydrothermal system (Giggenbach et al., 1990).
Hydrocarbon contents of vapor discharges, in mmol mol 1
Location xCH4 met eta ete pra pre ibu nbu ben tol ebe pm -x o -x
ER El Ruiz, Crater 0.009 834 10.00 1.20 <1.0 < 1.0 <1.0 <1.0 13.30 28.00 44.00 44.00 13.00
NE Las Nereidas 4.71 998 1.40 <0.01 0.19 <0.01 <0.01 <0.01 0.36 0.04 0.05 0.05 0.02
AC Aguas Calientes 1.78 998 0.08 0.03 0.03 <0.01 <0.01 <0.01 0.05 0.16 0.25 0.27 0.08
BS Boteros L. spout 0.89 991 2.63 0.19 1.60 <0.10 0.15 0.23 1.05 0.36 0.95 0.89 0.20
BP Boteros L. pool 4.30 993 3.37 0.17 0.80 0.07 0.16 0.23 0.75 0.69 0.15 0.28 0.16
RE El Recodo 9.60 999 0.44 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 0.08 0.02 <0.01
RA El Rancho 0.08 975 24.70 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
MA Machin 0.12 995 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.90 0.24 2.40 1.80 0.60
met: methane ete:ethene pre: propene nbu: n-butane tol: toluene pm x:p+m -xyelene *ch4: methane content of
eta: ethane pra: propane ibu: i-butane ben: benzene ebe: ethylbenzene o-x : o-xylene dry gas (mmol mol-1).
00
00
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solution. The analytical quality of their da ta  is a s  follows: minimun measurable 
volume fraction for C 0 2 is 0.01%, for H2 is 0.00002%, for CH4 is 0.00002%, for
H2S is 0.02%, for Og (+Ar) is 0.002%, and for N2 is 0.005%; the uncertainties
are C 0 2 1%, H2 10- 20%, CH4 5- 10%, H2S 5%, 0 2 (+Ar) 3%, and Ng 3%.
Giggenbach et al. (1990) collected their sam ples in 300 ml evacuated 
pyrex flasks containing 50 ml of 4N NaOH and provided with a  teflon tap  that 
precluded chemical reaction of the collected g a se s  with the inlet valve. The 
collection procedure is described in detail in Giggenbach and Goguel (1988). 
The alkali-soluble g a se s  C 0 2, S 0 2, H2S and HCI were retained in the solution 
and the non-absorbed g a s e s  H2, CH4, and CO in the g a seo u s  phase. They
reported also the  composition of the hydrocarbon g a s e s  contained in the 
vapors (Table 7.4).
The total g a s  composition for El Ruiz crater, Azufrera Las Nereidas, and 
Botero Londono reported by Giggenbach et al. (1990), are  the only such data  
available for this geotherm al system . Unfortunately, there  is no reliable 
information about the fluxes, liquid and gas, for the hydrothermal discharges at 
Ruiz. The order of magnitude for som e of the fluxes were estimated by CHEC. 
They assign fluxes of the order of tens of liter per second to Botero Londono 
(BL), one liter per second to Las Nereidas (LN) and El Recodo (RE), hundreds 
of liters per second to Aguas Calientes (AC), and tenths of liters per second to 
H acienda G ran a tes  (HG). Visual observation by the au thor of volumes 
discharged at Aguas Calientes indicate that the fluxes could be overestimated 
for this site.
PREVIOUS WORK
The g a seo u s  com ponents of the fluids discharged at Nevado del Ruiz 
volcano hydrothermal system  have b een  studied previously by severa l
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authors. The CHEC regional survey (1983) for geotherm al exploration
covered the a rea  around Nevado del Ruiz. This was a  very comprehensive
study which sam pled all known g as  discharge sites and analyzed their
chemical composition (Table 7.2). In that study, only the composition of the dry
g a se s  w as reported and the proportion of the dry g a se s  with respect to steam
is unknown. They used  partial pressures instead of fugacities in their work. 
Since C 0 2, H2, H20 ,  CH4 are common geothermal g ases ,  they are frequently
used  to find reservoir tem peratures (gas geotherm om eters), by assum ing
equilibrium with respect to a  chemical reaction (Henley et al., 1984). In this 
case , CHEC researchers used  the H2-CH4 g a s  geothermom eter with the
following assumptions:
a) H20  was at the boiling point, then the pressure was given by the boiling 
pressure of H20  at a  given temperature.
b) the dependence of partial pressure of oxygen on temperature, T, follows 
the empirical relation of D'Amore and Panichi (1980). This empirical 
relation is:
log P ( 0 2) = 8.20 - 23643/T (in Kelvin degrees)
The assum ed chemical reaction used  in the H2-CH4 gas  geothermometer is:
2 C °2 (g )  + 8H 2(g) + 2H 2 ° (g )  =  2C H 4(g) + 3 0 2(g)
and the partial pressure relationship given by the equilibrium constant of this 
equation and the above assumptions:
lo9 (PH2 / p c h 4 ) = 9-31 - <9255 *°9 PCo2 VT(°K)
B e ca u se  the  P cc>2 w as unknown (total g a s  concentra tions were not
m easured), only a  graphic approach w as possible. They assu m ed  different 
P Co 2 va lues ' n  a  H2 v s . CH4 diagram. The results of this study were not very
conclusive because  of the broad a rea  investigated and the lack of knowledge 
or better assumptions about the partial pressure of COs .
191
Sturchio et al. (1988) ana lyzed  the  g a s e s  from the  Azufrera Las
N ereidas sou rce  (LNA) and  Botero Londono (BL) on the  w est flank of the
volcano. They applied the  g a s  geo therm om ete r  of D'Amore and  Panichi
(1980) to La Azufrera Las Nereidas. The tem perature  obtained in this way
w as 209°C, similar to the Na-K-Ca geotherm om eter for Botero Londono. They 
also found that the 8 13C value of C 0 2 in the Azufrera Las Nereidas steam
is -8.87. This is close to the 8 13C values for Botero Londono springs (BL) 
which are  -8 .8 6  and  -11.4. As a  result, they concluded that the Azufrera Las 
Nereidas steam  is produced by boiling of the alkali-clhoride waters which feed 
the Botero Londono springs. They considered a  possible equilibrium of carbon 
isotopic fractionation be tw een  the  sp e c ie s  C 0 2 and  CH4> this isotopic
g eo therm om eter  yielded a  higher tem pera tu re  of 277°C  for Azufrera Las 
N ere idas  than  th e  tem pera tu re  obtained with the  D’Amore and  Panichi 
geotherm om eter. This implies a  higher concentration of m ethane which they 
interpreted may have been  produced by an additional source  of m ethane at 
depth.
The most com prehensive study of Nevado del Ruiz hydrothermal g a se s
to da te  w as done  by Giggenbach et al. (1990). They studied the  temporal
variation of the  g a s e s  a t  El Ruiz c ra ter  prior to the  dead ly  eruption of
Novem ber 1985 and com pared  them  with other volcanic and  hydrothermal 
sy s te m s  of the  world. Figure 7.4 illustrates a  d iagram  of [xc o  /(xc o  +
100xHC|)] versus [xh 2s / ^ xh2s + xS 0 2 ^ w*iere  Qase s  from several volcanic and
hydrothermal g a s e s  from the world are plotted together with the g a s e s  from
vents A and  B of Ruiz crater before the November 1985 eruption. The different
initials in the  diagram correspond to som e of the volcanic and  hydrothermal
g a s e s  reported in Table 7.1. The volcanic g a s e s  plot in the  bottom left and 
central part of the  diagram b ecause  they a re  richer in S 0 2 and HCI than the
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Figure 7.4. Diagram [xCo 2 /(xCo 2  + 100xHC,)] versus [xH2 S/(5xH2 s +  x ^  )]
where g a se s  from several volcanic and hydrothermal g a ses  from the world are 
plotted together with the g ases  from vents A and B of Ruiz crater before the 
November 1985 eruption (Giggenbach et al., 1990). Symbols a s  in Table 7.1.
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hydrothermal g a se s .  The hydrothermal g a s e s  plot in the right upper corner 
b e ca u se  they are richer in H2S and C 0 2. The arrows indicate the temporal
trend followed by the composition of g a se s  from vents A and B. Giggenbach et
al. (1990) observed that the g a se s  from vents A and B of Ruiz crater appeared
to evolve from a dominant magmatic com ponent to a  dominant hydrothermal
component before the eruption. This fact was interpreted to have been  cau sed
by a blockage of the  m agm atic conduit which allowed the  hydrothermal
com ponent of the  system  to take over the magmatic com ponent at shallow
d ep ths . This b lockage of the  m agm atic  conduit produced  the  increase  in
p ressu re  which triggered the violent eruption.
W hen the El Ruiz crater d a ta  were plotted in a  log [ x s o 2x h 2s / x h 2o1
v e rsu s  tem perature  diagram (Figure 7.5 ), the points fall in the  solid sulfur 
stability field, which is consistent with the  observed  yellow d ischarg es  and  
sulfur deposition in this vent. The g a se s  from El Ruiz cra ter were concluded to 
be exceptionally rich in sulfur, com pared to other volcanoes of the world. This 
is in full agreem ent with the very high S 0 2 re lease  from this volcanoes during
its last 6 years of activity (Williams et al., 1990).
Giggenbach et al. (1990) also studied the  redox s ta te  of the g a s e s  by
looking at the position of the El Ruiz crater (ER) and  Azufrera Las Nereidas 
(LNA) da ta  on a  log(fH2/ fH20) versus tem perature diagram (Figure 7.6). This
diagram is similar to the diagram of Figure 7.1. It w as concluded that El Ruiz 
c ra te r  d a ta  fall on the  CH4 - C 0 2 g a s  buffer line, indicating th e  c lose
connection of th ese  g a s e s  to the magmatic system. Azufrera Las Nereidas falls
on the  rock buffer line, possibly indicating that the  fluids have interacted with 
the  rock long enough time to achieve equilibrium. The calculated H2S - S 0 2
equilibrium tem perature  for El Ruiz crater w as  455°C, indicating an  important 
m agm atic  com ponen t. The g a s  g eo the rm om ete r  CH4 -CO - C 0 2 gave  a
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Figure 7.5. Log [ X q q 2 X |_j2g  IX j_j2q ]  versus temperature. El Ruiz crater fall
in the solid sulfur stability field (Giggenbach et al., 1990). Symbols a s  in Table 
7.1.
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Figure 7.6. Log(fj^2/ fH2o )  versus tem perature  showing the position of the El
Ruiz c ra ter  (ER) and  Azufrera Las Nereidas (LNA) data . El Ruiz cra ter da ta  
falls on the CH4  -C 0 2  g a s  buffer line (Giggenbach et al.,1990). Symbols a s  in
Table 7.1.
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tem perature of 286°C. In addition, a  C 0 2, HCI , Stola| triangular diagram was
constructed and the data  for other volcanic and hydrothermal g a se s  from the 
world were plotted together with the g a se s  from El Ruiz crater (ER, A and B) 
and Azufrera Las Nereidas (LNA), a s  illustrated in Figure 7.7. In this figure the 
different symbols represent som e of the volcanic and hydrothermal g a se s  
reported in Table 7.1. The volcanic g a s e s  fall in a  well-defined field at the 
bottom of the  diagram  since they are  rich in S totaI, and  HCI and  the
hydrothermal g a se s  fall in the upper part of the diagram since they are rich in 
C 0 2. As mentioned earlier, the da ta  se t for El Ruiz crater was collected before
the November 1985 eruption. The da ta  se t  for Azufrera Las Nereidas was 
collected after the eruption, during 1985 and 1986. They found that the 
compositions of Azufrera Las Nereidas fall in the hydrothermal field of this 
diagram when compared with other volcanic and hydrothermal system s of the 
world. The variability in the position of Las Nereidas data  in the first diagram 
was interpreted a s  analytical uncertainty. The da ta  from El Ruiz crater vents fall 
in the sulfur corner of this diagram closer to the volcanic-magmatic g a se s  field.
In conclusion, Giggenbach et al. (1990) show ed that the g a s e s  from 
Nevado del Ruiz hydrothermal system could be magmatic in origin. When the 
g a se s  com e into contact with liquid water, HCI is dissolved and S 0 2 evolves 
to H2S g a s  and  dissolved H2 S 0 4 in the liquid phase. The H2S is also 
partially dissolved in the liquid phase.
C O M P O S IT IO N A L  TR E N D S  AND REDO X P R O C E S S E S  AT  
NEVADO DEL RUIZ VOLCANO HYDROTHERMAL SYSTEM
The previous study of Giggenbach et al. (1990) analyzed the  general 
location of the Ruiz da ta  in the redox diagram s, a s  d iscussed  previously. 
However, they did not look at the simpler d iagrams which relate the  variations 
in composition in the discharges, or at the redox reactions for the discharges
Figure 7.7. C 0 2 , HCI , Stota) triangular diagram. Data for other volcanic and
hydrothermal g a se s  from the world are plotted together with the g ases  from El 
Ruiz crater (ER, A and B) and  Azufrera Las Nereidas (LNA). The different 
symbols represent som e of the volcanic and hydrothermal g a se s  reported in 
Table 7.1 (Giggenbach et al., 1990).
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where only dry g a s  d a ta  w as available. In the c a se  of the CHEC report, they 
only looked at the tem perature given by the C 0 2-CH4 gas  geothermometer. In
this study, the variations in composition for the  different sites are  studied, a s
well a s  the  redox sta te  of the  g a se s  with respect to several redox reactions.
The compositional diagram s permit identification of possible mixing lines in
the g a s  phase . The activity diagram s for redox reaction permit to determine
how far or near equilibrium are the discharges.
Com positional Trends
The da ta  presented  in Tables 7.2 and 7.3 for the dry g a s  and total g a se s
composition at Nevado del Ruiz were tes ted  for atmospheric contamination by 
examining their Ng/Ar ratio. Atmospheric g a s e s  have a  mole ratio of N2/Ar of
85 (Oskarsson, 1984). If som e atmospheric contamination exists, the ratio
Np
- jfc  for the g a s  sam ple  should be close to this number. A ratio several times
larger or sm a lle r  than  th e  a tm o sp h e r ic  ratio implies no significant 
contamination. Only Rio Guali, El Ruiz Crater, and  Las Nereidas Azufrera
Np
p resen t  - jfc  ratios many times larger than 85. A guas Calientes, Botero
Londono, Las Nereida, El Recodo and Hacienda G ranates have ratios close to
the atm ospheric value (Table 7.1). However, o ther possibilities for the source 
for the N2 at these  sites cannot be ignored such an organic source.
Several concentration diagram s were constructed, in o rder to observe
the  general trends of this system  especially the relations betw een the g a s e s
re leased  a t  the  c ra ter  (ER) and  the  g a s e s  of the surrounding geotherm al
system  (LNA, LN, RGI, AC, BL, RE, and HG in Figure 7.3). T hese  diagrams
were constructed with the dry g a s e s  composition of Table 7.2.
Figure 7.8 illustrates the  diagram XHgS vs. XC02> It can  be observed
that the  g a s e s  from El Ruiz c ra ter  constitute an end m em ber in the  linear
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Figure 7.8. Diagram X ^ g  vs. Xq q ^  for Nevado del Ruiz hydrothermal
g ases .  G ases  from El Ruiz crater constitute an end  m em ber in the linear 
behavior of this graph.
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behavior exhibited on this graph. All the geothermal d ischarges  except El 
Recodo and  Hacienda G ranates , align with an apparen t mixing line having 
the end  m em bers El Ruiz crater and Las Nereidas. El Recodo and Hacienda 
G rana tes  fall far below the linear trend. This may be explained by looking at 
the ratio N2/Ar of th e se  sites , which are  c lose  to the  a tm ospheric  ratio,
implying atm ospheric  contamination or another source  of nitrogen. This is 
supported  by the  d iagram s involving N2 , which are  p resen ted  later in this
chapter. Magmatic g a s e s  a re  richer than geotherm al g a s e s  in sulfur. The
close relationship of the geothermal system to the magmatic system  at El Ruiz
crater is evident in this diagram. The g a se s  at Nevado del Ruiz ap p ea r  to be
the result of mixing the sulfur- rich hydrothermal g a se s  at El Ruiz crater and the 
more hydrothermal C 0 2-rich g a se s  of Las Nereidas.
Figure 7.9 and  7.10 illustrate the relation betw een XN vs. Xc o  an d  
XCH^ vs. X ^ ,  respectively. On both figures, it can be observed that El Ruiz
cra ter sam ple falls off the linear trend. The two sites which show higher N2 
content also  show higher CH4  content. As d iscussed  previously, Sturchio et
al. (1988) have o bserved  tha t the  g a s e s  at Ruiz a re  unusually high in 
m ethane. The linear relation between N2 and  CH4 could be explained by an
organic source  for th e se  two g a s e s  a t  depth, rather than a  magmatic source  
since El Ruiz c ra te r  falls off the  line. This organic source  could be the 
paleosols interlayered with the volcanic rocks at Ruiz reported by Herd (1974), 
b e ca u se  there  is not evidence of sedimentary rocks in the volcanic structure. 
The volcanic rocks a p p e a r  to  directly overlie the  metamorphic and  intrusive 
rocks. O ther possible source  could be  sed im ents deposited  in the  proposed 
ca ldera  which underlies the volcano. Calderas are frequently filled with lakes 
and  lake sediments.
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Figure 7.11 presents the relation between XCH4 vs. XC02- The near
magmatic environment of El Ruiz crater sample is again evident in the diagram 
given its almost nil concentration of CH4. All the other hydrothermal sites fall 
near a  line determined by the CH4 rich g a se s  of Hacienda Granates and the 
C 0 2-rich g ases  of Las Nereidas.
The previous diagrams suggest that two main sources of g a se s  are 
present in this geothermal system. The sulfur-rich magmatic gases , which are 
incorporated to the hydrothermal systems, are low in methane and N2 and are 
best represented by the El Ruiz crater sample. The N2- and CH4-rich g ases ,
probably of organic origin, are best represented by Hacienda Granates and El 
Recodo.
The C 0 2-rich g a se s  of Las Nereidas could be produced by removal of
reactive sulfur-rich g ases  into the liquid phase. This process should enrich the 
proportion of C 0 2 in the vapor phase.
R edo x  R e a c t io n s
In order to study the redox reactions in the hydrothermal system, it is
necessary  to construct equilibrium activity diagrams involving the chemical
species  of interest. This is more complicated for g a s e s  than for liquids
because in order to find the fugacities it is necessary to know the composition
of the total gas  discharge (steam + dry gases), and in some c ase s  only the dry
g a se s  composition is known. In addition, if the gas  is partially dissolved in the
liquid phase, e. g. hydrogen sulfide, the composition of the total discharge
(liquid + total gases)  is needed in order to infer the composition at higher
pressures and temperatures.
When a  liquid boils, som e g a s e s  such a s  H2 , N2 , and CH4 are
separated preferentially into the vapor phase. Other gases , such as  C 0 2, H2S,
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Figure 7.11. v s - * 0 0 2  *or Nevado ^el ^ u '2  hydrothermal g a se s .  El
Ruiz crater sample has almost nil concentration of CH4 .
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NH3, are more soluble in water and are partially retained in the liquid (Henley,
1984). When th ese  g a s e s  are collected from a  well, the da ta  treatm ent is
simpler, because  the total discharge composition (liquid + total g ases)  can be
found. The steam  fraction is the ratio between the number of moles of water in
the vapor p h ase  and the number of moles in the total discharge. The steam
fraction can be determined from the temperature of the discharge; the reservoir
temperature and the enthalpies of liquid and vapor phases  (Henley, 1984).
In natural discharges, the mole fraction of g a s  i in the total discharge 
X^j can  be obtained if the mole fraction of the dry g a se s  (i. e. ail gas  species
other then H2 0 ) Xg in the vapor phase  and the mole fraction of the g as  i in dry
g a se s  Xj are known, according to the relation:
Xd j = XjXg, where
y   ____________ m o le s  g a s _i____________
di -  m o le s  of to ta l  g a s e s  in g a s  p h a s e
 m o le s  g a s  i______
i ~ to ta l  m o le s  of dry g a s
„    to ta l  m o les  of dry g a s ______
g ~  m o le s  of to ta l  g a s  in g a s  p h a s e
Not considered is the g a s  dissolved in the separa ted  s team  when it is
x vicondensed. This is given by the vapor-liquid distribution coefficient B: = "v —I A j j
(Giggenbach, 1980) where Xvj is the mole fraction of g a s  i in the vapor phase
and Xjj is the mole fraction of g a s  i in the liquid phase . The construction of
activity diagrams for redox reactions involves the fugacities of the g a se s  under 
consideration. The fugacity coefficient of dilute gas  mixtures are very close to 
a  value of 1, and the fugacity can be approximated by the partial pressure. For
that reason , only the  molar fraction of the  g a s e o u s  com p onen ts  in the 
g a seo u s  p h ase  are important.
p i = x di p t
where Pj = partial pressure  of gas  i in the g a s  mixture, and P t is the total
pressure of the g a s  mixture.
In the c a se  of Nevado del Ruiz, the  d a ta  from CHEC (1983) reported 
only the dry gases .  Giggenbach et al. (1990) reported total g a s  compositions 
(dry g as  + steam) for three sites only.
It is not possible to make calculations to find the  absolute p ressu res  of 
the different com ponents in the g a s  mixture when only the dry g a s  composition 
is known. Nevertheless, it is possible to make several assum ptions in order to 
get an approximation of the real composition. T hese  assum ptions are:
i) The fluid collected is only vapor (dry g a s e s  + steam).
ii) The vapor is in therm odynam ic equilibrium with so m e  aq u eo u s  
p h ase  at depth. The concentration of g a s  i in that liquid p h ase  is given by:
X Xyi li “  Bj
iii) The g a s e s  a re  transported  so  fas t  tha t they  do not interact 
chemically with the  country rock in their path from the  d e ep e r  reservoir to the 
surface. Their composition reflects the equilibrium conditions at depth.
iv) The total pressure at depth is given by:
p t =  p h2o  + ^ p i
W here £ P . is the partial pressure of the dry g ases .  As £Pj = XgPt , the total 
p ressure  can be expressed  as:
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With these  assumptions the partial pressure of g a s  i in the total gas 
mixture is given by:
p i =  x di p t
Xi X q p . _  — i-------- y _  p
n  -  1 . x g k h2o
Xg and Ph2q  are not known. However, from the data  in Table 7.1, it
can be observed that most hydrothermal sites with a  discharge temperature 
close to the saturation point of H20  have a  molar composition with more than
95% H20 .  In the case  of Nevado del Ruiz, Table 7.3 shows that El Ruiz crater 
and Botero Londono have more than 95 mole% H20 .  Las Nereidas is an 
exception with only 64.4% H20 .  As the reservoir temperature for the neutral 
chloride waters has been estimated to be around 175°C (Sturchio et al., 1988) 
and the discharge temperatures for the different hydrothermal manifestations 
at Ruiz are close to the saturation point of water, two tem peratures will be
considered in the diagrams discussed below: 100°C and 200°C. The system 
will be considered at the saturation point of H20 .  That fixes the value of P H20
as  1.01 bars and 15.54 bars, respectively (Dean, 1973). By using these  partial 
pressures and the dry g ases  mol fraction Xg a s  0.01 and 0.04, the equilibrium
conditions will be evaluated on dry gas  concentration diagrams.
C a rb o n  R e a c t io n s .  The most important reaction involving carbon in
hydrothermal systems is:
CH4 + 2H20 =  C 0 2 + 4H2
The tem pera ture  dependence  of the equilibrium constant for this 
reaction is defined by the equation:
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. 9323log Kc = 10.76 - —j —
(Giggenbach, 1987) where T is the absolute tem perature in d e g re es  Kelvin.
The equilibrium constant for this equation is given by:
P P 4 r c o 9 Ho
K„ = --------- 2-----2-----
or
W here
c p  p  2 
r C H 4  r H2 o
X X 2 ACOo AHo
KC =  X   Ac  XCH4
P  ^ X 4
A .  h2°  g
<1 '  x 9 >
9323
Then log Xc o  + log 4 XH = {10.76 - — j -  - log A) + log XCH^
Xc o  . and XCH^ are the mole fraction of those g a se s  in the dry gas.
Figure 7.12 presents (logXc o ^ + log 4 XH^) vs. log for the four
different c a s e s  d iscussed  above. El Ruiz crater (ER), Azufrera Las Nereidas 
(LNA), and Botero Londoho (BL) are at equilibrium or very close to the 100°C 
equilibrium lines. RGI and LN, on the other hand, a re  not in equilibrium with 
this reaction and appear  to be enriched in CH4. El Recodo RE and Hacienda 
G ranates  do not appear in this diagram since they have nil H2 and are very 
rich in CH4. B ecause  this reaction is rather slow (Giggenbach, 1987), its
approach towards equilibration implies a  long interaction with the country rock. 
The g a s e s  at Nevado del Ruiz volcano moved slowly enough to reach 
equilibrium with this reaction, even at the  c ra ter  prior to the  eruption of 
November 1985. This equilibrium at El Ruiz crater w as  probably destroyed 
after the eruption and during the present activity of the volcano.
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Figure 7.12. (logXQQ^ +4 log X ^ )  vs. log X cH 4 for Nevado de Ruiz
hydrothermal waters. Equilibrium lines for the reaction:
CH4 + 2H2 0  = C 0 2 + 4H2
are shown. El Ruiz crater (RE), Azufrera Las Nereidas (LNA), and Botero
Londoho (BL) are very close to the 100°C equilibrium lines. RGI and LN look 
enriched in CH4.
Sulfur and Iron Reactions. Severa l reac tions  w ere  inves tiga ted  for 
app ro ach  tow ards redox equilibrium involving sulfur sp e c ie s .  The first 
reaction is the oxidation of pyrite to magnetite:
2 F e S  P + H 9 + 4 0 , 0  = Fe9 CL + 4HPS,n.
2 (s) <g) 2  (I) 2  3 <s) 2  <9>
pyrite hematite
The equilibrium constant for this reaction is given by Khe = ~ ^ —  A
H 2
p 3 y 3
HoO x g
W h e r e  A =
The equilibrium constant for this reaction can be deduced from d a ta  given by 
G iggenbach (1980) and  by Henley et al. (1984). The values for log K He at
100°, 2 0 0 °, and 300° C are  -16.64, -8.62, and -3.41, respectively.
Then
log XH2 = ( log A - log K He ) + 4 log X ^ s
Figure 7.13 illustrates relations in log XH^ vs. log X ^ g  space . The equilibrium
lines for T = 100° and  Xg equal to 0.01 and  0.04 fall outside the  a re a  of 
interest. Equilibrium lines for 200° and 300° C and Xg equal to 0.01 and 0.04 
were plotted. The equilibrium line for 300° C and Xg equal to 0.01, plots very
near the  experimental points except for El Ruiz crater data. From the  position 
in the  diagram, the  El Ruiz d a ta  s e e m s  to belong to a  higher equilibrium 
temperature, in c a se  this reaction is occurring at that site.
Another reaction which is commonly tes ted  in hydrothermal sys tem s is 
the  calcite - anhydrite reaction.
2 1 1
xg » 0.04, t = 200'C LNA
ER
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xg = 0.01, t = 300'C
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Figure 7.13. Log XH vs. log XH s  space. Equilibrium lines for the reaction:
2Fe So + Hp + 4HpO = Fe? O- + 4H,>S, ,
2 (s) (g) 2  (I) 2  3 (s) 2  (9)
are shown. The equilibrium line for 300° C and Xg equal to 0 .0 1 , plots very
near the d a ta  points, except for El Ruiz c ra ter which se e m  to belong to a  
higher temperature.
2 1 2
CciCOq + HpS/.i + HoOjiv — C aS 0 4 +CH  ^
3 <s) 2  (g) 2 (l) 4 (s) (g)
The equilibrium constant is given by
x c h 4  
K = 4
x h 2S
and log K = - 4.74 - 0.0008t (Giggenbach,1980)
t in degrees Celsius .
Then
log XCH,4 = (- 4.24 - 0.0008t) + log X ^ g
The equilibrium lines for these  temperatures, 100° and 200°C, are 
almost the sam e in the diagram log XC|_,4 vs. log Xh2S (Figure 7.14). The
only point falling on the equilibrium line is El Ruiz crater. However, if calcite is 
present in this site it should be destroyed given the low pH characteristics of 
crater environments. The other sites look depleted in sulfur for this reaction 
and enriched in CH4.
The redox reaction for oxidation of H2S to S 0 4 2‘ which should occur
near the surface:
H 2S (g )+ 4 H2° ( l )  °  2 H + (aq) + S ° 4 2 '(aq) + 4 H2 (g)
is presented in Figure 7.15. In this reaction
XLp g hp° h2s2log a H+ + log a s o  *  = log K - log— — — 3-  + log - — 4
4  P  -  A n )  A l jg '  H
where a H+ and a so ^2- are the activity of these ions in the solution.
2
From data of Henley at al. (1984), it is found that log K for the above 
reaction is - 32.31 and - 26.39 at 100°C and 200°C, respectively. Every 
variable needed is known only at two sites. Both sites (Botero Londono and 
Las Nereidas) are too depleted in sulfate to meet the equilibrium conditions. 
This is explained by considering the formation and precipitation of sulfur
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Figure 7.14. Log XCH vs. log H2S for Nevado del Ruiz hydrothermal gases .
4
Equilibrium lines for the reaction calcite - anhydrite:
OaOOn + HnSi.i + HaO/h = C aS O j +CH.
3 (s) 2  <9> 2  4 (s) (g)
are  shown. The equilibrium lines for th ese  tem peratures, 100° and 200°C, are
almost the sam e  in the diagram. The only point falling on the equilibrium line is
El Ruiz crater.
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Figure 7.15. [2log a H+ + log a s o  2'  ] versus log 2 4 for Nevado del Ruiz
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2
hydrothermal system. In this space, equilibrium lines for the reaction
H2S (g) + 4H 2 °(l)  = 2H +(aq) + S 0 4 2 (aq) + 4H 2(g)
are presented.
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minerals through the  fluid path a s  are  found in the surficial alteration minerals
studies which were studied earlier in this work.
A very im portant reaction, especially  a t  high te m p e ra tu re s  is the
reduction of sulfur dioxide:
S 0 2 + 3H2 = H2S + 2HaO
Using the  equilibrium c o n s ta n ts  of formation for e a c h  sp e c ie s  given by
Giggenbach (1987), it is found that:
10744log K = - j  + 3.658
a n d
log (Xsc>2 + 3 log X ^ )  = (log K - log A) + log X ^ g
With
p 3 v 3 
^ h2o  * g
=  ( 1 - X g ) 3
As defined earlier, Xg is the mole fraction of dry g a s e s  in the  total vapor
d ischarge . Figure 7.16 p re sen ts  the  position of the  two points with d a ta  for 
S 0 2. The d a ta  were converted to a  dry g a s  basis  since the  only d a ta  for S 0 2
w ere  reported a s  total g a s  composition. It is o b se rv ed  that the  points fall 
ab o v e  the  200°C  equilibrium line and  reflect equilibrium at a  m uch higher 
tem p era tu re .  The es tim ated  equilibrium tem p era tu re  is be tw een  400° and  
500°C. This su g g e s ts  an important magmatic com ponent for the hydrothermal 
g a s e s  of th e se  two sites.
Oxygen Fugacities
G ig g en b ach  (1987) h a s  s u g g e s te d  tha t  the  am o u n t of oxygen in 
hydrothermal sys tem s is not enough to produce the  redox reactions observed
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Figure 7.16. [log (X^  + 3 log X ^ ]  versus log XH s  for Nevado del Ruiz 
hydrothermal g a ses .  When equilibrium for the reaction:
S 0 2 + 3H2 = H2S + 2H20
is considered in this space , El Ruiz crater and  Las Nereidas seem  to be near 
the 400 500 ° C equilibrium lines.
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at depth. He h a s  su g g e s te d  H20  a s  the oxidizing agent, b e c a u se  the  redox 
reaction of H2 0  can  be written as:
h 2o  = H2 + \ o2
f H
log fn  = 2 log K - log j —
2 tH20
and  , fH , and  f ^ Q  are  the  fugacities of oxygen, hydrogen and  H2 0
respectively. At 200°C, log K = -23.18 (Henley et al., 1984). Table 7.5 show s
calculated oxygen fugacities for Nevado del Ruiz at 200°C. Only the sites with
known total d ischarge  composition were considered. T h ese  a re  El Ruiz crater, 
Botero Londono, and  Azufrera Las Nereidas. The log fQ2 for th ese  sites is -
38.1, -40.8, and  -32.0 respectively. T h ese  da ta  were com pared  with the  redox 
diagram (fQ2 v e rsus  pH) for the  stability of the different sulfur and iron spec ies
(Henley et al., 1984), shown in Figure 6.5. Azufrera Las Nereidas and  El Ruiz 
c ra ter  have  reducing g a s e s  b e c a u se  their oxygen fugacities fall in the  pyrite 
stability field since their pH should be  lower than  7, Botero Londono falls in 
the  hematite stability field, indicating more oxidizing conditions.
Table 7.5. Parameters used to calculate oxygen fugacities of Nevado del Ruiz gases.
Initials Location Date TBC H20pmol/mol H2pmol/mol N2/Ar(m ol) RH log f02
m Crater El Ruiz Sep-85 82 955000 86.00 1134.78 -4 .0 5
LNA Azufrera Las Nereidas Dic-86 85 644000 1230.00 294 .94 -2 .7 2
BL B. Londono spout A pr-88 93 998600 0.08 85.71 -7 .1 0
CHAPTER 8. FLOW REGIME
INTRODUCTION
In this chapter, a review of the flow regime in mountainous and volcanic 
terrains and a  summary of the characteristic properties of the flow regime at 
Nevado del Ruiz is presented. This is an important aspect to understand the 
chemical behavior of Ruiz and to elaborate a  model for the hydrothermal 
system.
PHYSICAL AND CHEMICAL PROPERTIES OF THE FLOW REGIME 
AT MOUNTAINOUS TERRAINS
Volcanic hydrothermal systems transfer energy and m ass from the inner 
crust to the surface of the earth. Lowell (1991) comments that the transfer of 
the earth 's  internal energy to the surface is accomplished in many different 
ways. He sta tes that continental hydrothermal systems allow for the dissipation 
of 1 % of the total heat loss from continents. He com pares this value with 
energy dissipated by the extrusion of lava flows, which is only 0.3% of the total 
heat loss. Therefore, in order to understand the cooling of the continental 
crust it is important to understand the physical and chemical p rocesses  
occurring in hydrothermal systems such a s  that of Nevado del Ruiz.
The physical p rocesses  occurring in geothermal system s involve the 
transfer of energy, m ass and momentum. Several simplified models have 
been applied to geothermal energy reservoirs in exploitation (e. g. Lippman et 
al., 1977). However, these models consider only the up-flow zone and do not 
look at the p rocesses  near the source of energy. In addition, the number of 
chemical components is usually extremely limited.
The cooling of intrusive bodies by ground water convection in the crust 
has been modeled by Cathles (1977). He found that a  vapor-dominated steam
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zone is briefly formed above the intrusive; condensed  water bounds the steam  
zone  above. For pure water, circulation occurs at p ressu re  and tem perature  
conditions near the critical point of water and water becom es g a seo u s  without 
boiling. For saline solutions, a  zone of boiling bounds the s team  zone below. 
For volcanic hydrothermal system s, a  saline solution must be assum ed.
In recent work, Torgersen (1990) has pointed out that the m ass  transport
of chemical spec ie s  from and  to a  reaction site can  be driven by buoyancy,
diffusion, advection, convection, mechanical, biological or anthropological 
activity. The important role of water and  C 0 2 in metamorphic p ro ce sse s  and
mineral transformations in the crust is recognized by Torgersen (1990). This is 
in a g re em e n t with the  p ro c e s s e s  d iscu ssed  in th e  previous sec tions  for 
Nevado del Ruiz. Nur and  Walder (1989) proposed a  cyclic m echanism for the 
circulation of chemical sp e c ie s  in the  crust. At hydrostatic p ressu re  and  in 
open  p o res  the  particles can  travel through the  p o res  until the  reaction 
products clog the conduits. The pressure  builds up until it reaches  the  level of 
the least com pressive stress, at which point natural hydraulic fracturing occurs 
and the cycle starts again. The important role of faults and fractures in ground 
w ater circulation is em phasized  (Torgersen,1990). The connection betw een 
fluid circulation, chemical properties and seismic activity of faults is important 
to understand the chemical and  physical p ro cesses  happening in this kind of 
geological system.
Forster and Smith (1989) have modelled the fluid and heat transport in 
m ountainous terrains in two dimensions. They have used  the finite e lem ent 
numerical approach to solve the combined flow and heat transfer equations. 
Their model a s su m e s  a  uniform source  of heat at the  bottom of the  crust 
section. The water table is allowed to fluctuate according to the permeability 
field and the  recharge. A low permeability zone in contact with the  source  of
2 2 1
heat w as simulated. The permeability of the upper layers was higher than that 
of the lower. In some cases ,  several permeability layers were modelled. Their 
simulation results indicate that the  fluids and heat a re  preferentially 
discharged in the adjacent valleys. When a  fault zone w as simulated, m ass 
and heat were preferentially discharged at the intersection of the fault with the 
earth surface.The simulation results a re  shown in Figure 8.1. A low 
permeability zone in the upper part of the section, bounded by high 
permeability zones above and below that layer, was also modelled. In this 
case , an inner convective cell was formed in the higher permeability zone, as  
shown in Figure 8.2.
Birch (1989) has extended the applications of Forster and Smith's model 
to solve the fluid and heat transport equations in two dimensions in a  
m ountainous terrain where a  magmatic intrusion has taken place. The 
assumptions of the model were similar to those of Forster and Smith’s model. 
The magmatic intrusion w as simulated by an initial high temperature region. 
Several topographic reliefs were modelled. For the purposes of this work, the 
highest relief results are important. Figure 8.3 shows the modelling results for 
the steady-state solution for a  vertical relief of 1 km, in a  horizontal distance of 
3 km. It was found that a  hydrological boundary forms which sep ara tes  a  
convective region at depth from a  shallower circulation zone (dashed line). 
The c a se  of a  fault in a  system intruded by a  magmatic body was not modelled. 
However, it should be expected that if a  fault bisects the deeper convective cell 
in Birch's model, the fluids from the deeper convective zone could rise to the 
surface.
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Figure 8.1. Influence of a  steeply-dipping fault zon e  with uniform kf .b =
1 0 - 4 k u (m2 .m ) ( k f =  fault permeability, b = th ick ness  of fault zone).
Permeability of the  bottom layer is 10 ' 2 2  m2  (stippled pattern). Rock 
permeability ku is a) 10"1^  m2  , b) 10"1® m2 . Flow lines a re  indicated by 
dotted lines and the heat lines by the d a sh ed  lines (Forster and Smith, 1989).
Figure 8.2. Inner convective cell formed when a  low permeability layer 
(stippled pattern) is located below a  high permeability layer and  a  above a  
high permeability layer. Flow lines are indicated by dotted lines and the heat 
lines by the dashed  lines (Forster and Smith, 1989).
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Figure 8.3. S teady-state hydrothermal flow associated  with plutonic intrusion. 
Relief is 1.0 km in a  horizontal distance of 3.0 km. Isotherm interval is 50°. Flow 
vectors are  logarithmically scaled a s  shown (After Birch, 1989).
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THE FLOW REGIME AT NEVADO DEL RUIZ HYDROTHERMAL 
S Y S T E M
The location of the hydrothermal discharges at Ruiz occur preferentially 
on the faults, fault intersections, and  contacts between the volcanic and 
metamorphic basem ent and intrusive igneous rocks. This suggests a  structural 
control on the morphology and drainage pattern in this volcano. The structural 
control may be occurring at depth also, directing the fluid movement through 
the faults and rock contacts.
Two separate  water types can be identified at Ruiz. The acid sulfate 
waters fall close to the Villamana-Termales fault. This seismically-active fault 
appea rs  closely related to the hydrothermal system. The other system is 
com posed of the bicarbonate and neutral chloride waters, which fall together 
on a  different mixing line. The brackish bicarbonate waters to the NNE of Ruiz 
a re  geographically separa ted  from the other waters to the SW by the acid 
sulfate system. A mixing process between the opposite sides of the volcano 
seem s unlikely. A very low permeability boundary seem s to exist between the 
acid sulfate waters and the rest of the system. This boundary precludes mixing 
of the bicarbonate and neutral chloride waters with the acid sulfate waters, at 
least at shallow depths.
Only one mixing line was recognized in the g a s  diagrams, indicating 
that the g a se s  can migrate and mix more easily throughout the system. It can 
be observed in the compositional diagrams of Figures 3.15 and 3.16 and in 
the map of Figure 3.5, that the more dilute bicarbonate and chloride waters 
correspond to higher elevations in the volcano (Las Nereidas LN and El 
Recodo RE) and the more saline to lower elevations (Botero Londono BL) to 
the west of Ruiz. The more dilute acid sulfate brackish waters are  also located 
at higher elevations at the volcano (Rio Guali RG, La Hedionda LH). This is in
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ag reem en t with the  simulation of flow of fluid and  heat m entioned in the 
previous section (Forster and  Smith, 1989). At higher elevations, the fluids 
d ischarged  should have followed a  shallow er and shorte r path inside the 
m ountain  th an  th e  fluids d isc h a rg e d  a t  the  lower e leva tions . As a 
consequence , they should have a  lower TDS b ecause  they could interact less 
with the rocks and do not penetrate deep  enough to mix in a  higher proportion 
with the deepe r  fluids. However, Aguas Calientes (AC), the  most saline water 
at Ruiz is at a  higher elevation than Term ales del Ruiz (TR). This could be 
produced by the intersection of the Villamari'a-Termales fault with the Palestina 
fault. The intersection could produce an even higher permeability zone in that 
region.
The se q u en c e  of hot springs on the  w est flank of the  volcano (Las 
Nereidas LN and El Recodo RE towards Botero Londono BL) is followed in 
Figures 3.15 and 3.16 and in the  m ap of Figure 3.5. This su g g es ts  that the 
faults going from Las Nereidas and El Recodo toward the N-S trending fault 
at Botero Londofio are  preferential paths for the fluids. The characteristics of 
the flow regime at Ruiz mentioned here should be used  to construct a  new 
model for the volcano.
CHAPTER 9. SYNTHESIS
INTRODUCTION
A synthesis of the different chemical properties found in the waters, 
g a se s  and mineral alteration products of Nevado del Ruiz is presented in this 
chapter. A comparison with other active and fossil hydrothermal system s is 
included, in order to better understand if the p rocesses  happening at this 
volcano are similar to those known from other volcanoes. Finally, a  new model 
is presented for the Nevado del Ruiz hydrothermal system.
WATER TYPES
The waters from Nevado del Ruiz volcano have been classified into 5 
end members, according to their total dissolved solids and main anion. These 
types are: dilute acid sulfate, dilute bicarbonate, brackish acid sulfate, 
brackish bicarbonate, and brackish neutral chloride waters. The dilute waters 
have a  TDS lower than 1000 ppm. The brackish waters have TDS ranging 
from 1000 to 12300 ppm.
Two distinct compositional g roups in te rm s of covariance  in 
concentration of a  num ber of dissolved sp ec ie s  are recognized in this 
hydrothermal system. One group is formed by the acid sulfate waters and the 
other group is composed of the bicarbonate and neutral chloride waters. The 
brackish acid sulfate waters plot on very well-defined lines in the cross plots of 
Ci vs. B, Li vs. Cl, Mg vs. Cl, Na vs. sulfate, and K vs. sulfate (Figures 3.15, 
3 .16,3 .20, 3.22, 3.23, and 3.24). The bicarbonate waters lie on other mixing 
lines, together with the neutral chloride waters. This behavior does  not support 
the model of generation of the bicarbonate waters a s  a  result of mixing of 
shallow ground water with vapors from the boiling of neutral chloride waters,
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a s  has  been  suggested  by Sturchio et al. (1988). If only the vapors from the
neutral chloride w aters mix with shallow groundw ater and  mixing of the
liquids d o e s  not occur, the  different chemical sp e c ie s  for the two types of
w aters should not lie on the sam e  mixing line. If boiling occurs, the neutral
chloride water com ponents should fractionate into the vapor phase. The vapor
and liquid water should have different concentrations. Even the species Na+ 
and S 0 42', in Figure 3.23, suggest that the neutral chloride waters and the
bicarbonate waters are closely related by a  mixing relationship rather than the 
b icarbonate  w a ters  being derived from the  vapors  of the  neutral chloride 
waters.
The more dilute waters are  characterized by calcium a s  the  dominant 
cation, in comparison with the more saline waters, which have sodium a s  the 
dominant cation. Aluminum is the dominant cation in the w aters with highest 
TDS, which also have the highest concentration of silica and m agnesium  and 
have low pH. The sequence  of cations in Figures 3.7 and 3.10 for the brackish 
bicarbonate and  chloride waters, indicate that Na is the  dom inant cation in 
both waters. It is followed by C a  and Mg, which are  more abundant than K in 
the  b ica rbo na te  w aters . For the  neutral chloride w a te rs ,  the  lowest 
concentra tion main cation is Mg. If the  chloride w aters  a re  the  result of 
extensive fluid-rock interaction, a s  suggested  by Giggenbach (1988), th ese  
results indicate that Na and chloride dominate the  mature waters of Nevado 
del Ruiz.
Figures 3.11 to 3 .14 show  the concentration of Ca, Mg, Na, and K 
versus  the  sum  of total anions for all the  waters at Nevado del Ruiz. Each 
w ater type falls in a  very well-defined field in th e s e  diagram s. The brackish 
acid sulfate w aters show a  high concentrations of C a and Mg. The brackish 
bicarbonate and  neutral chloride waters show lower concentrations of alkaline
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earth cations, due in part to the lower TDS of these waters, in comparison with 
the brackish acid sulfate waters. This depletion is stronger for Mg in the neutral 
chloride waters. The Na and K plots of Figures 3.13 and 3.14 are very similar. 
They define two linear relations in each scatter plot, one for the dilute and 
brackish acid sulfate waters and another for all the bicarbonate and neutral 
chloride waters. This behavior supports the proposition of two different water 
types at Nevado del Ruiz, a s  discussed earlier.
The sum of Na+K, which plotted against chloride in a  linear trend with 
a  slope close to 1 for the acid sulfate and chloride waters (Figure 3.21), 
indicates that chloride is balanced by the alkaline ions in these  two waters. As 
a  consequence, in the acid sulfate waters, the sulfate ion should be balanced 
by the alkaline earths and hydrogen ions. This is also suggested  by the linear 
trends for alkaline earths against sulfate found in Figures 3.25 and 3.26. 
AREAL VARIATION IN COMPOSITION AND ITS RELATION WITH 
FLOW REGIME
When the waters are plotted on a  map containing the main faults and 
alignments at Ruiz (Figure 3.5), the acid sulfate waters fall close to the 
Villamaria-Termales faults and, to a  lesser degree, to the Palestina fault. This 
indicates that the seismically-active Villamaria-Termales fault is closely 
connected with the hydrothermal system.
The neutral chloride waters of Hacienda Granates (HG) to the SE, the 
Botero Londorio (BL) group to the west, the bicarbonate waters of Las 
Nereidas (LN) and El Recodo (RE) to the west, San Luis (SL) and La Calera 
(LC) to the NNE are related to the sam e mixing line, even though the acid 
sulfate waters app ea r  to separa te  the system  (Figure 3.5). The brackish 
bicarbonate waters to the NNE are separated from the other waters by the acid 
sulfate system. A mixing process between the opposite s ides of the volcano
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appears unlikely. The acid sulfate waters do not seem  to mix with the neutral 
chloride and bicarbonate water system. The lack of mixing of these  waters 
could be produced by some low permeability boundary, which separa tes the 
acid sulfate waters environment from the rest of the hydrothermal system. A 
model for the Nevado del Ruiz volcano hydrothermal system must explain the 
process which generates the acid sulfate waters at the Villamaria-Termales 
fault and the bicarbonate to neutral chloride waters away from this fault.
It can be observed that the bicarbonate waters El Recodo (RE), Las 
Nereidas (LN), and the neutral chloride waters El Bosque (EB), La Piscina 
(LP), El Billar (EBI), and Botero Londoho (BL) follow linear compositional 
trends on the diagrams Cl vs. B, Li vs. Cl, mg vs. Cl, Na vs. sulfate, and K vs. 
sulfate (Figures 3.15, 3.16, 3.20, 3.22, 3.23, and 3.24). This sequence of hot 
springs can also be followed in Figure 3.5. This sequence  corresponds to 
lower concentrations and higher elevation for El Recodo and Las Nereidas 
and to higher concentrations and lower elevation for Botero Londoho springs. 
The occurrence of this sequence in the concentration diagrams and in the map 
suggests  that the fluid could be flowing through a  path coming from faults 
striking NW-SE at Las Nereidas and El Recodo to the fault striking almost N-S 
at Botero Londoho.
According to the simulation of heat and fluid flow in mountainous 
terrains (Forster and Smith, 1988) and around intrusive bodies (Birch, 1989), 
the discharged waters at higher elevations should have a  larger contribution of 
meteoric shallower waters than at lower elevations. In comparison, at lower 
elevations the discharged waters should have a  larger contribution of deeper 
and hotter waters than at higher elevations in the volcano. If a  fault exists at 
lower elevations, a s  is the case  for the fault located at Botero Londoho springs, 
the heat and fluid is preferentially discharged at the fault.
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SU RFA CE ALTERATION PRODUCTS
The alteration mineral assem blage  identified at the acid sulfate water sites 
include cristobalite, pyrite, alunite, gypsum, sulfur, and very minor amount of 
tridymite. Clay minerals were detected only in two sam ples: smectite and illite 
in one sample, and kaolinite in the other. One sample located 50 m away from 
the Term ales del Ruiz hot spring contains jarosite, an  iron-rich alunite, 
together with hematite and cristobalite a s  alteration products.
For the  brackish neutral chloride and bicarbonate w ater sites, the 
alteration mineral a ssem blage  consists of the carbonates  dolomite, calcite, 
and siderite a s  well a s  the silicate, cristobalite. Gypsum and halite were also 
identified. The occurrence of gypsum at Las Nereidas (LN) hot spring is 
consisten t with the  fact that this discharge has a  relatively high sulfur 
concentration for this type of water.
SO U R C E S OF H20
Acid S u lfa te  W aters .  The compositional d iagram s of C hapter 3 suggest 
that the acid sulfate waters form a  separa te  water circulation system , with 
respect to the  neutral chloride and bicarbonate waters. The linear trends 
observed  in the  different compositional diagram s, especially the  cations 
versus chloride and  the  cations ve rsus  sulfate diagram s, suggest that the 
su lfa te  w a te rs  a re  th e  product of mixing p r o c e s s e s  be tw een  highly 
concentrated chloride-sulfate waters and fresher meteoric water in different 
proportions, it h a s  b een  su g g e s te d  by Sturchio et al. (1988) and  by 
Giggenbach et al. (1990) that the high sulfate and chloride w aters  have an 
important m agm atic  com ponent. Looking at the  deuterium  and  oxygen 
isotopes, Sturchio et al. (1988) have concluded that the highest concentration 
water of Aguas Calientes (AC) may contain about 10% magmatic water and 
90% meteoric water. The sulfur isotopic composition reported by Williams et al.
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(1990), a s  well a s  the  peak  in sulfate concentration found by Sturchio and  
Williams (1990) in the  hot springs of T erm ales  del Ruiz (TR) and  Aguas 
Calientes(AC) also  su g g e s ts  a  close connection be tw een  the  acid sulfate 
w aters and the magmatic system. Several of the composition diagram s for the 
dilute acid sulfate w aters  show  increasing trends, which su g g es t  that they 
represent very diluted forms of the brackish acid sulfate diagram s (e.g. C a  and 
Mg versus sulfate in Figures 3.25b and 3.26b, K versus silica in Figure 3.32b). 
B ic a rb o n a te  a n d  N eu tra l  C h lo r id e  W ate rs .T h e  compositional d iagram s 
for this type of water (e.g. Cl vs. B, Li vs. Cl, Mg vs. Cl, Na vs. Sulfate, and  K 
vs. Sulfate in Figures 3.15, 3.16, 3.20, 3.22, 3.23, and  3.24, respectively) 
indicate that the  w aters  are  the  product of mixing of a  high concentration 
chloride-bicarbonate w ater with different proportions of meteoric or shallow 
waters. Sturchio et al. (1988) stated that the waters at Nevado del Ruiz have a  
predom inantly  m eteoric  origin b e c a u se  of their 1 sO an d  D composition. 
Sturchio et al. (1988) observed that the waters of Botero Londono are slightly 
offset, with respec t to the meteoric water line. Their composition indicates a  
w ater recharge  at higher elevation for the  aquifer that feeds  this hot spring. 
Henley and  Ellis (1983) have suggested  the existence of chloride-rich neutral 
brine surrounding th e  m agm atic  env ironm ent in volcanic hydrotherm al 
sy s te m s . This chloride brine could be  produced  by ex tensive  rock-fluid 
interaction a s  suggested  by Giggenbach (1984).
S O U R C E S  AND SINKS OF CHEMICAL S P E C IE S  AT NEVADO DEL 
RUIZ
A better understanding of the different chemical p ro cesses  at Nevado 
del Ruiz hydrothermal system  can be  achieved, if the  different so u rces  and 
sinks of chemical species  are considered.
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Sulfa te  - The sulfate anion at Ruiz waters could be produced by oxidation of 
H2S near the surface or by reaction of S 0 2, according to the following
reactions:
H 2S (g) +  4 H 2 ° (I)  > 2 H + (a q )+  S ° 4 2 (aq) +  4 H 2 (g)
and  S 0 2(g) + 2 H 2 °(I)  >  S 0 4 2 (aq) + H 2 (g)
The input of S 0 2 to the system could come from the magmatic system
(Giggenbach, 1987). This possibility is supported by the fact that the sulfate 
waters appear to be aligned with the Villamaria-Termales fault which bisects 
the northern flank of the volcano.
The sinks for the  sulfate ion are  the precipitation of minerals a s  
anhydrite (or gypsum at lower temperatures) and alunite. These processes 
will be d iscussed  later when the sources and sinks of main cations are 
presented.
C hloride  - The chloride anion could be incorporated into the hydrothermal 
system when magmatic g a se s  rich in HCI are dissolved in the surrounding 
waters. Another possible source of chloride is the deep  neutral chloride brine 
which surrounds the magmatic system s, a s  proposed by Henley and Ellis 
(1983) for andesitic volcanoes, a s  it was discussed in Chapter 1. This chloride 
brine could be produced by extensive water-rock interaction and should 
correspond to the mature waters suggested by Giggenbach (1984). Chloride is 
considered a  conservative species because  chloride salts are  very soluble 
and only precipitate at very high concentrations (Drever, 1988).
B ic a rb o n a te  - Drever (1988) has suggested  that the bicarbonate ion is 
generated  when carbon dioxide g a s  attacks the aluminium silicates. For 
example, albite alteration to kaolinite:
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2NaAISi3 0 8 + 11H20  + C 0 2 
albite
—-> AI2Si20 8 (0H )4 + 2N a+ + 2HCOa* + 4H4 Si 0 4 
kaolinite
The sinks for bicarbonate ion are the formation of carbonates a s  calcite,
dolomite, and  siderite, which are conspicuous minerals in geothermal system s
(Fournier, 1985a). Reactions such a s  those  proposed  by G iggenbach (1988)
could explain the  formation of carbonates. For example, th e se  reactions can
be written for calcium a s  follows:
C a - A! - silicate + C 0 2 + 2H20  = CaCOs + 2(H-AI-Silicate)
The genera l acid clay (H-AI-Silicate) reacts  to form more neutral aluminium
silicates according to the reaction:
z(H-AI-Silicate) + Mz+ = (M-AI-Silicate) + zH+
where M represen ts  a  cation and z its charge. The acidity thus  genera ted  can
be  u s e d  in a  se co n d a ry  neutralization p ro cess ,  promoting further rock
dissolution. A secon dary  neutralization p ro cess  is the  neutralization of the
hydrogen ions p roduced in the  previous reaction. This secondary  acidity
should be w eak for the carbonates to be stable.
T he problem here  is to determine the  possible so u rces  of C 0 2. In the
c a se  of hydrothermal system s such a s  Nevado del Ruiz, the  main source  of
carbon dioxide could be the degass ing  body of m agma. Magmatic g a s e s  are 
very rich in C 0 2, a s  w as  established in the survey of compositions of volcanic
g a se s  around the world in Chapter 7 of this work. Another possible source of 
C 0 2 is the  meteoric w aters  which mix with the  d e e p e r  fluids in variable
proportions. Henley et al. (1984) has  suggested  that the  bicarbonate w aters 
a re  produced by boiling of the neutral chloride waters. In the  c a s e  of Ruiz,
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th e se  th ree  p ro cesses  could be contributing to the  bicarbonate in the
discharges in different proportions. The possibility of the bicarbonate being
produced only by boiling of the neutral chloride waters se em s unlikely. The
water chemistry suggests  that mixing of the brackish chloride waters with
shallow meteoric w aters  could be producing the bicarbonate waters. A
meteoric and a  magmatic contribution seem s reasonable.
Alkaline elements- In the acid environment near the volcano, the rock
release of Na and K to the solution could be produced by hydrolysis of Na and
K aluminum silicates according to a  reaction such as:
Albite + H+ — > Na+ + A l3+ + S i0 2  + H/>0 (Bowers et al., 1988)
In more neutral environments, the bicarbonate ion can exist in solution 
and the generation of bicarbonate ion by C 0 2 attack of Na or K silicates is
accompanied by the release of Na and K ions into solution.
Potential sinks for these  two cations are the formation of secondary 
albite and K-feldspar or other silicates such a s  montmorillonite, analcime, and 
muscovite. The formation of th ese  minerals d ep en d s  on the pH and 
concentration of the other species involved in their formation (Giggenbach, 
1988).
Alkaline earth elements - The source reactions for th e se  cations are
similar to the  source  reactions for alkaline e lem ents . In very acid
environments, the hydrolysis of C a and Mg silicates releases Ca2+ and Mg2+ 
to the solution. As discussed previously, C 0 2 attacks the rock and cations
are released to the solution including calcium and magnesium.
Sinks for C a  and Mg include ca rbonates  and  minerals such a s  
laumontite, wairakite, anhydrite, fluorite, Ca-montmorillonite, prehnite, Mg- 
chlorite. The specific formation of any one of these  minerals depends on the 
pH and solution composition.
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A lu m in u m  - Aluminum is p resen t  only in the  very acidic w a ters . It is
in troduced to the solution w hen the  aluminum silicates a re  des tro yed  by 
hydrolysis. Al te n d s  to form m any a q u e o u s  com plexes, such  a s  Al (OH)4‘,
depend ing  on the  pH conditions (Drever, 1988). It can  also form minerals
such  a s  pyrophyllite, kaolinite, a n d  a lunites depend ing  on silica an d  H+
concentration, and  on the anions present in the solution.
S ilica  - W hen the  silicates a re  destroyed by hydrolysis, S i0 2 is re leased  to
the  solution. The concentration of silica rapidly reach es  the  saturation point of 
th e  d ifferent silica m inerals  ch a lce d o n y , a m o rp h o u s  silica, or quartz , 
depending  on the tem pera ture  of the  solution. That is the  rea so n  why silica 
concentra tions are  u sed  a s  geotherm om etric  indicators (Henley et al., 1984). 
Hydrothermal solutions a re  very often supersa tu ra ted  with respec t to one  or 
m ore of the  silica minerals. Silica m inerals a re  co n sp icu o u s  m inerals in 
hydrothermal alteration (Fournier, 1985b).
C O N T R O L S ON M A JOR CATIONS
The following analysis is b a sed  on the  alteration mineral a s se m b la g e s  
identified at the  hotsprings of Nevado del Ruiz (Chapter 4), the  fluid mineral 
equilibria d iagram s of C hap te r  5, and  the  numerical simulation of rock-fluid 
interactions p resen ted  in C hapter 6 .
A cid  S u l f a te  W a te r s
The mineral a sse m b la g e  found in the acid sulfate hot springs (Chapter 
4 of this work) indicates that the low pH of th e se  w aters m akes them  react very 
easily with the rock. Cristobalite is the  first mineral to form from the  dissolved 
minerals, b e ca u se  it is s tab le  even  at low pH. Cristobalite can  form a t the  low 
p re s su re  conditions n e a r  the  Earth 's  surface , but it is not a  s tab le  mineral 
under th o se  conditions (Deer e t al., 1966). W hen the  solution pH increases
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and the concentrations of S 0 4- , Al3+, Ca2+, and K+ are high enough, gypsum 
and alunite are formed. At higher temperatures anhydrite is more stable than 
gypsum; at depth the formation of anhydrite instead of gypsum should be 
expected. The reactions for these processes are a s  follows:
Ca2+ + S 0 42'  + 2H20  —> C a S 0 4- 2H20
Gypsum
3CaAI2Si2 Oe + 4 S 0 4 2" +2K+ + 12H+
Anorthite
—> 2KAI3(S 0 4)2 (OH)6 +6Si02 + 3 C a 2+ 
Alunite Cristobalite
3Na AlSig 0 8 + 2 S 0 4 = + K+ + 6 H+
Albite
—> KAIg (S 0 4)2 (OH)6 +9Si02 + 3Na+ 
Alunite Cristobalite
If the solution is iron rich, a s  in Termales del Ruiz hot springs, and if the
conditions were oxidizing, jarosite forms rather than K-AI- alunite; hematite as
well would be formed. At low pH and oxidizing conditions, the formation of
Fe3+ is a s  follows:
Fe2+ + ^ 0 2 + 2 H + —> Fe3+ + 2H2 0
from which jarosite can be formed. Fe3+ stays in this ionic form only at pH 
lower than 3. At pH near 3, Fe(OH)3 is precipitated (Krauskopf, 1979), and
the formation of jarosite can not occur. The following reaction illustrates the 
formation of jarosite:
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C a AI2Si2 Og + 3Fe3+ + 2 S 0 4= + 2H+ + K+ + 2H20  
Anorthite
 > KFe3 (S 0 4)2 (OH)6 +2S i02 + C a2+ + 2AI3+
Jarosite
T he form ation of hem atite is favored at pH values higher than  2, for a  wide 
range of redox potential. H em atite can  be  form ed a t low pH and high oxygen 
fugacity, a s  is evident from figure 9.1 (G arrels and  Christ, 1965), w here the  
stability fields for com m on iron m inerals is d isp layed  in Eh/pH sp a ce . The 
reaction  for th e  form ation of hem atite, once  F e3+ h a s  been  form ed, is a s  
follows:
2Fe3+ + 3H2 0  —> Fe20 3 + 6 H+
H em atite
Jarosite  and  hem atite w ere identified in sam ple , D6 i to D6 vi of T erm ales 
del Ruiz (TR). Given the  very high concentration of iron in this rock, the  iron 
canno t be  produced by in situ alteration of the  rock only, th e  solution should 
a lready be  rich enough in iron to produce th e  iron m inerals in this rock. This is 
th e  c a s e  for T e rm a le s  de l Ruiz w h e re  th e  w a te rs  h av e  th e  h ighest 
co n cen tra tio n s of iron found in th e  study a re a . T he so u rce  of iron for the  
solution w as probably the  leaching of iron silicates by th e  highly acid w aters 
d e e p  in th e  geotherm al system . The acidity of th e se  w aters (pH = 1.5) could 
co m e  from th e  incorporation  of th e  sulfur-rich m agm atic  g a s e s  to  th e  
hydrotherm al system  at depth. At this low pH and  high iron concentration, Al3+ 
s ta y s  in th e  solution, a s  is evident from th e  high alum inum  concentra tion  of 
T erm ales del Ruiz (TR) w aters.
Native sulfur w as  identified in A guas C alien tes sam ple  D1. Pyrite w as 
identified in Rio Guali sam ple  D9. Pyrite an d  sulfur w ere found a t sam p les 
D3A, D3C, an d  D5 of T erm ales del Ruiz. All th e se  sam p les  w ere collected at
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Figure 9.1. Stability fields of iron oxides and sulfides in w ater at 25°C and 1
atm osphere. Activity of dissolved sulfur is 10*1. The activity of dissolved iron
species is 10-6. The line with the -4 num ber represents the equilibrium lines 
when dissolved iron is 10-4  (Garrels and Christ, 1965).
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the hot spring or very near them  (see  Appendix 1). In com parison, sam ple D6 
w as collected about 50 m from the hotspring. The p resence  of pyrite indicates 
lower oxygen fugacity than n ecessa ry  for the  formation of hem atite (Henley et 
al., 1984). Pyrite do es not occur together with hem atite in the  altered rocks. At 
Hotel T erm ales del Ruiz, th e  d ischarged  fluids a re  still very reducing, a s  
indicated  by th e  p re sen c e  of pyrite and  sulfur in the  alteration products 
sam pled  at the source. N evertheless, the  formation of jarosite and  hem atite in 
sam ple  D6  indicate oxidizing conditions a  few m eters from the  source. This 
could be explained, if the  d ischarged  fluids move very rapidly throughout the 
fault but move slow er through the  rock matrix. In th is w ay, th e  oxidizing 
conditions n e a r  the  su rface  prevail over th e  reducing conditions of the  
outcoming g a se s .
Bicarbonate W aters
The higher pH and  the high concentration of H2C 0 3 of the  bicarbonate
and  neutral chloride w aters results in the  formation of ca rb o n a tes . T h ese
solutions a re  not reactive enough to dissolve the silicates com pletely and to
precip itate  su lfa te  m inerals, a s  a re  the  acid su lfa te  w aters. Instead , the  
silicates are  attacked by C 0 2 and  calcite, dolomite, or siderite are formed.
T he formation of clay m inerals should be expected , in addition to the 
form ation of calcite. T he a b se n c e  of clay m inerals in the  XRD an aly ses  
indicates that if clay m inerals a re  present, they a re  p resen t only in very minor 
am ounts. Another possibility is that the  carbonates form when the bicarbonate 
ion a ttacks the  g lass  of the volcanic rocks instead of the  crystals. The w aters 
a re  possib ly  a lready rich in b icarbonate , m agnesium , an d  calcium  from 
reactions with the rock at g rea ter depth.
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Comparison between the two water types
In Figure 3.9 for the brackish acid sulfate waters, the fresher w aters of 
Rio Gaulf (RG), Aguas Blancas (AB), and La Hedionda (LH) are richer in the 
proportion of calcium and magnesium and are thus similar to the dilute waters. 
In comparison, the more saline w aters of Term ales El Ruiz I (TER), Termales 
del Ruiz (TR), and Aguas Calientes (AC) have aluminum and sodium as 
dom inant cations. The low pH of th ese  w aters facilitates the hydrolysis of 
primary silicates and allows aluminum to be dissolved. Aluminum can exist 
in significant concentrations a s  Al3+ in solutions of low pH (Drever, 1988), as 
in these  three hotsprings. The solutions could be depleted in calcium because 
of the deposition of calcium minerals a s  anhydrite or gypsum. The bicarbonate 
and neutral chloride brackish w aters on the other hand, are  rich in Na and 
have a  higher pH and precipitate carbonates.
Equilibrium activity diagram s for the different cations show very well- 
defined linear trends, from the highly acid sulfate w aters to the bicarbonate 
and neutral chloride waters. Dissolution of volcanic rocks from Nevado del 
Ruiz seem s to explain the linear trends observed in the phase diagram s of the 
brackish acid sulfate and all the dilute w aters of Nevado del Ruiz because the 
data  points for those waters fall close to or at the dissolution line. The position 
of the brackish neutral chloride and bicarbonate w aters in th ese  activity 
d iagram s appears  to be colinear with the calcite-dolomite, calcite-siderite, 
dolomite-siderite, K-feldspar-albite, and phologopite-annite equilibrium lines. 
This suggests that carbonates are buffering the reaction p rocesses for Ca, Mg, 
and Fe in the brackish bicarbonate and neutral chloride w aters. However, in 
the ca se  of the bicarbonate w aters and the feldspar, the Giggenbach diagrams 
(Figures 5.1 and 5.3) suggest that they are still very reactive and feldspars 
are  not stable in this kind of water. If the bicarbonate waters are dilute chloride
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waters enriched in bicarbonate, the position of the data points in the feldspar 
equilibrium line could indicate the equilibrium of the parent water rather than 
equilibrium of the bicarbonate waters them selves. Na + K are com pensated by 
the chloride ion in the acid sulfate and neutral chloride waters; the only 
exception being Aguas Calientes, which is richer in chloride.
Activity diagram s predict that the brackish bicarbonate and neutral 
chloride w aters are supersaturated  with respect to the carbonates calcite, 
dolomite, and siderite. C arbonates have been identified in the bicarbonate 
and neutral chloride hotsprings of Nevado del Ruiz.
Activity diagram s predict that anhydrite or gypsum and alunite should 
be forming in the brackish acid sulfate waters of Ruiz. Gypsum and alunite 
have been recognized at the hydrothermal alteration products analyzed in 
C hapter 4. Melson et al. (1990) reported small anhydrite xenocrysts in the 
g lass of the 1985 eruption of Nevado del Ruiz. The linear trend found in the 
anhydrite activity diagram, colinear with the dissolution trend of anhydrite, 
suggests anhydrite deposits at depth as a  possible source of the very high 
sulfur dioxide fluxes at Nevado del Ruiz (Williams et al., 1990). Another 
possibility is that the anhydrite xenocrysts could have been generated at the 
primary neutralization zone deep in the hydrothermal system, at the magmatic- 
hydrothermal transition zone, and that the high release of sulfur dioxide is 
produced by a  large body of degassing m agm a a s  favored by Williams et al. 
(1990).
MIXING, ROCK DISSOLUTION, AND MINERAL EQUILIBRIA AT 
NEVADO DEL RUIZ
Before a  model for Nevado del Ruiz hydrothermal system  is presented, 
it is important to discuss the processes of mixing and rock dissolution in these
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w aters, a s  well a s  mineral equilibria. The occurrence of th ese  p rocesses at the 
sam e time could be considered contradictory without the adequate  discussion.
The two w ater types at Nevado del Ruiz seem  to correspond to two very 
well-mixed reservoirs b ecau se  each  w ater type produce very well-defined 
mixing lines in the compositional diagram s of C hapter 3. Mixing p rocesses can 
also generate  the linear trends observed in the  phase diagram s of C hapter 5. 
In the  c a se  of all th e  acid su lfa te  and  dilute b icarbonate  w aters, the  
compositions also fall close to or at the dissolution lines for the volcanic rocks 
of Ruiz. In com parison, the brackish bicarbonate and neutral chloride w aters 
lie close to or at the  equilibrium lines for the carbonates calcite, dolomite, and 
siderite, and the K-feldspar-albite equilibrium line.
The previous behavior su g g ests  that the  acid sulfate w aters should 
have a  high salinity end member, the composition of which reflects the process 
of dissolution of crustal rock. The cation ratios in that end m em ber should be 
similar to the cation ratios of the  volcanic rocks at Nevado del Ruiz. The 
different volcanic rock dissolution lines (e.g. basaltic andesite  and dacite) plot 
very close to each  other in the diagram, because  of the  logarithmic scale. The 
high salinity end  m em ber is mixed with different proportions of shallow er 
groundwater. The ratios of cations remain similar after the dissolution process. 
For that reason the w aters still plot on the sam e rock dissolution line. The acid 
su lfate  w aters a re  inm ature w aters  and  do not seem  to have achieved 
equilibrium with respect to any of the silicates or carbonates considered in this 
study. The dilute bicarbonate w aters also fall on the  rock dissolution line, 
suggesting that they are  dissolving the rocks and are still reactive.
The brackish bicarbonate and  neutral chloride w aters a p p ea r to be 
produced by a  saline end m em ber, which mixes in different proportions with 
shallow m eteoric groundw ater. The proportion of cations in this saline end
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m em ber should reflect the extensive rock-fluid alteration characteristic of the 
m ature neutral chloride brines around m agm atic cham bers (G iggenbach, 
1984). After the mixing processes, the ratios of cations remains the sam e and 
reflects the original composition and mineral equilibria of the parent water. The 
dissolution p rocess should describe a  straight line in the phase diagrams, a s  it 
has been found in Nevado del Ruiz.
The compositional diagram s of C hapter 3  suggest that the dilute acid 
sulfate w aters may represent very dilute end m em bers of the brackish acid 
sulfate waters. In comparison, the contribution of the neutral chloride w aters or 
the brackish bicarbonate w aters to the dilute bicarbonate water sam ples in this 
study is not very clear in the compositional diagram s. They could represent 
meteoric water in an early stage of rock-fluid interaction. However, a  very small 
contribution of the  deep  chloride brine to th e se  sam p les could also be 
possible.
G A S  AND REDOX STA TE
The composition of g a se s  at Nevado del Ruiz volcano hydrothermal 
system  sug g est that two sources produce the g aseo u s  input to the system . 
The m agm atic source produces g a se s  rich in sulfur dioxide and  carbon 
dioxide, which are absorbed into the hydrothermal system . El Ruiz crater and 
Azufrera Las Nereidas are  the near source outputs of this kind of interaction. 
An organic source, rich in nitrogen and m ethane, is inferred from the linear 
behavior of the nitrogen and m ethane compositional diagram s. El Recodo 
and Hacienda G ranates have the larger proportion of this kind of gas. This 
organic source could be paleosols interlayered with the volcanic rocks or 
sedim ents that could be filling the caldera, proposed by Thouret e t al. (1990b) 
to be present below this volcano.
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T he linear com positional tren d s  o b se rv ed  in N evado del Ruiz
hydrotherm al g a s e s  su g g est that mixing p ro ce sse s  a re  occurring in the
hydrotherm al system . The linear trends observed  in F igures 7.12 to 7.13
suggest that the  g a seo u s  phase  is very well-mixed inside the volcanic edifice
and that g a se s  can  migrate easily through it. The redox reactions investigated
in this chap ter suggest that only the g a s e s  at El Ruiz c ra te r and, to som e
d eg ree  Azufrera Las Nereidas, have enough sulfur to m eet the  equilibrium 
requirem ents for the reaction involving sulfur species a s  the reduction of S 0 2
in Figure 7.16. The hydrothermal d ischarges outward from the volcano seem
to be  depleted  in sulfur. The hydrothermal alteration m inerals found at the
surface, which a re  reported in C hapter 4, indicate that the  formation of sulfur
minerals is favored at low pH and high sulfur activity.
C arbon redox reactions, on the  o ther hand, a p p e a r  to retain their
equilibrium a t even more distant d ischarges from the volcano (i. e. Botero
Londoho) in Figure 7.12. This indicates that the fluids move slowly enough to
reach equilibrium, with respect to this reaction. G iggenbach et al. (1987) have
su g g e s te d  tha t th is reaction rea ch e s  equilibrium m ore slowly than  the
reduction of sulfur dioxide.
T he redox s ta te  of the  d isch arg es , w here total g a s  com position 
(including H20 )  is known, w as calculated using the redox reaction for the
formation of w ater and the  H2 and H20  content. T hese  a re  El Ruiz crater,
Botero Londoho, and Azufrera Las Nereidas. Azufrera Las N ereidas and El 
Ruiz c ra ter have reducing g a se s  b ecau se  their oxygen fugacities fall in the 
pyrite stability field, Botero Londoho falls in the  hem atite  stability field, 
indicating m ore oxidizing conditions. Since there  is no flux information, it is 
not possib le to m ake a  quantitative analysis of how th e  different redox 
p ro cesses  could be influencing the g a se s  and  liquids compositions.
246
COMPARISON OF WATER-ROCK INTERACTION AT RUIZ WITH 
OTHER AREAS.
The characteristics of Nevado del Ruiz can be com pared with other 
active and fossil hydrothermal system s of the world. This comparison allows 
one to understand if the physical and chemical processes studied at Ruiz are 
happening in other hydrothermal system s and how Nevado del Ruiz can be 
used a s  an example of this kind of processes.
Comparison with other active systems
The recognition of two alteration mineral assem blages produced by the 
two distinct water types at Nevado del Ruiz volcano hydrothermal system  is 
consistent with the general model of a  boiling hydrothermal system elaborated 
by Reed and Spycher (1985) and presented in Figure 9.2.
In this model, Reed and Spycher suggest that boiling of hot ground 
water produces a  gas phase, rich in H20 ,  C 0 2, and H2S. When condensed
and oxidized near the surface, they produce the acid w aters that alter the 
rocks. In som e cases, they could produce the deposition of precious metals. 
Several p rocesses can occur in the hydrothermal system . T hese include 
boiling (A in Figure 9.2), condensation of the boiled g a se s  (B in diagram), 
oxidation of the gas by the atm osphere (C), condensation and oxidation of the 
gas in cool, fractured ground (D), mixing of the generated  acid waters with 
condensed  liquid (E), and mixing of cold ground w ater with the boiled liquid 
(F). According to Reed and Spycher (1985), the self-sealed regions around the 
acid w aters are  produced by the precipitation of minerals when the pH is 
increased due to reaction with the rocks and/or to boiling of gases . The rocks 
are dissolved by the acid fluids and, when the pH increases, new minerals are 
precipitated. The precipitated minerals clog the pores and makemixing with 
waters outside the acid environment difficult.
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Figure 9.2. Schem atic diagram  of a  boiling hydrothermal system  (Reed and 
Spycher, 1985). The presence of self-sealed zo n es and acid sulfate w aters at 
the  discharge sites closely related to the m agm atic fluids is proposed by these  
authors.
248
R eed  an d  Spycher’s  general model can  be com pared  with N evado del 
Ruiz. T he ap p aren t lack of mixing betw een  th e  acid su lfa te  w aters and  the  
b icarbonate  and  neutral chloride w aters at Ruiz could be  explained if the self­
se a le d  acid environm ent w ere preferentially located  along the  Villamaria- 
T erm ales fault. The bicarbonate an d  neutral chloride w aters exist outside the  
acid sulfate system  to the NE and  SW  of the  Villamarfa -T erm ales fault. The 
R eed  an d  S p y ch er genera l m odel su g g e s ts  th a t th e  m ineral a sse m b la g e  
found in th e  acid  su lfa te  hot sp rings could be different from th e  m ineral 
a sse m b la g e  produced  by similar w aters at depth . T he oxidation of H2S  near 
th e  su rface  an d  th e  form ation of su lfa te  ion (S 0 42‘) g e n e ra te s  th e  solid
su lfa tes at su rface  conditions. At depth, sulfides rather than  su lfa tes could be 
ex p ec ted  in th e  m ineral a sse m b la g e , if th e  activity of the  sulfide and  metal 
ions need ed  for a  given sulfide a re  high. However, if sulfur dioxide is p resen t 
at depth , sulfate ion would be produced in the  solution; sulfate could be found 
in the  d e e p e r  parts of the  system  and  alunites could be forming there . S ince 
th e  g a s e s  from El Ruiz c ra ter a re  very rich in sulfur dioxide (Williams e t al., 
1990), this may be the  situation c lose  to the  m agm atic environm ent, w here the 
m agm atic sulfur dioxide is incorporated into the  hydrotherm al system .
Table 9.1 show s d a ta  for chem ical com position of w aters from different 
hydrotherm al sy s te m s around th e  worid. Equilibrium activity d iag ram s w ere 
co n stru c ted  to investigate  w hether, for th e  b icarbonate  an d  neutral chloride 
w aters, C a, Mg, and  Fe follow th e  equilibrium lines for ca rb o n a te s  and  if Na 
an d  K follow th e  albite-K -feldspar equilibrium  line in o th e r hydrotherm al 
sy stem s. Figure 9.3 illustrates that the  d a ta  points for C a  and  Mg follow the 
calcite-dolom ite equilibrium line. T he d a sh e d  line ind ica tes tha t c a rb o n a te s  
canno t exist a t low pHs.
Table 9.1. W ater chemistry of different hydrothermal system s of the world . 
Data for THL from Henley, 1964. Other data  from Giggenbach, 1987.
TYPE SYMB T(»C) PH Na K Mg Ca Cl S 04 HCQ3
Acid Springs
White Island. NZ Wl 98 0 .6 59 1 0 635 3800.0 3150 38700 4870
Kawa Idjen, In don. Kl 6 0 0 .6 1030 1020 680.0 770 21800 62400
Mt. Ruapehu, NZ RJ 38 1.2 1120 170 1750.0 1380 13240 14700
Tamagawa, Japan TA 98 1.3 38 3 0 35 .0 95 29 7 0 2300
Guayabal.C. Rica MV 64 1.9 56 2 48 .0 99 684 2830
B. Georginas, Guat. 2U 7 4 2 .0 134 3 2 26 .0 72
Soda Springs
Waitangl, NZ WA 4 9 7 .3 2 8 5 2 4 9 .0 17 364 49 2 0 2
Omapere, NZ r c 30 6 .9 6 2 9 10.0 37 25 295
Golden Spr.,NZ GS 4 5 7 .0 2 2 4 2 0 7 .0 11 51 6 670
Lake Nyos, Cameroon IN 2 3 5 .7 19 7 58 .0 45 1 724
Acque Albule, Italy AA 2 2 6.1 1 38 2 2 238.0 1042 183 1470 1403
Radkersburg, Austria RA 7 2 8 .9 2 2 1 5 182 47 .0 3 264 398 4130
Tauhara, NZ THL 7 0 5 .9 56 1 4 6 .0 14 8 105 375
Te Aroha, NZ TE 7 9 8.1 2 9 2 0 6 7 4.0 7 540 1260 6830
Geothermal Wells. Springs
Ngawha NG-9, NZ N3 2 3 0 7 .7 8 9 3 7 9 0.1 3 1260 18 185
Jubilee Pool. NZ N3 56 7 .2 8 4 2 7 2 1.6 9 1180 174 393
Wairakei. Wk-66, NZ WK 2 4 0 8 .5 9 9 5 142 0.0 17 1675 30
Champagne Pool, NZ WK 9 9 8 .0 1070 102 0.4 26 1770 26 76
Broadlands, BR-11, NZ BR 2 6 0 7 .4 6 7 5 130 0.0 1 964 41 376
Ohaki Pod, NZ ER 98 7.1 8 6 0 8 2 0.1 3 1060 100 680
Miravalles 10, C. Rica MV 2 5 0 7 .8 1750 216 0.1 59 2910 40 2 7
Sal. Bagaees, C. Rica MV 7 4 8 .6 2 0 6 3 8 5 6.6 33 2700 102 73 9
Zunil ZQ-3, Gualem. ZJ 2 9 5 8.1 9 3 3 231 0 .0 15 1810 31 51
Zunil Springs ZJ 9 5 7 .0 3 8 4 3 2 39 .0 17 172 234 63 5
Cerro Prieto. Mexico CP 2 6 0 7 .3 5 6 0 0 1260 0.3 333 10500 14 4 0
Spring N29, Mexico CP 8 0 7.6 5 1 2 0 664 4.6 357 87 9 0 31 6 5
Tongonan, Philipp. TO 3 3 0 7.0 3 5 8 0 1090 0 .2 128 67 8 0 16 12
Banati Spring, Phil. TO 98 8 .3 1 9 9 0 2 1 0 0 .4 86 3400 74 7
Morere Spring, NZ MO 4 7 7 .0 6 6 9 0 8 4 79 .0 27 5 0 15670 28
Salton Sea, Well, USA SS 33 0 5.2 3 8 4 0 0 13400 10.0 22010 116400 4 140
Sea Water SW 4 7.8 1 0 7 6 0 3 9 0 1290.0 410 19340 2710 140
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dolomite in equilibrium with chalcedony are shown. Equilibrium lines at 0 ° , 
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neutral chloride waters, and triangles bicarbonate waters.
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For Na and K, Figure 9.4 show s tha t the  b icarbonate  and neutral 
chloride w aters follow the  albite-K -feldspar equilibrium line. Figure 9.5 
p resen ts  Na + K concentration versu s chloride for the  different hydrotherm al 
system s. The acid sulfate w aters w hose slope is not near one  correspond to 
the  more m agm atic sam ples, often c ra ter fluids, collected at active volcanoes 
(Table 9.1). C rater fluids appear enriched in chloride with respec t to Na + K. 
This a p p e a rs  to indicate that, in th e  early s ta g e s  of m agm atic fluids- w ater 
interactions, the  w aters are  enriched in hydrochloric acid. As the fluid and rock 
interact, th e  chloride conten t ten d s  to be balanced  by the Na and  K in the 
solution. The exceptions a re  the bicarbonate w aters, w here the  bicarbonate 
ion c a u se s  the  w aters to be slightly enriched in Na + K, in com parison with 
chloride.
Figures 9.6 to 9.8 show  the rock dissolution lines for av erag e  basalt, 
average  crustal rock, and average  granite together with the composition of the 
hydrotherm al sy stem s of Table 9.1 in logarithmic d iag ram s for th e  cation 
com binations: Na and K, C a  and Mg, and  C a  and  Na. The th ree  dissolution 
lines fall very c lose  to  each  o ther, due  to  th e  logarithm ic sca le . W hen 
com pared  with Figures 9.3 and  9.4, it can  be observed  tha t the  acid sulfate 
w aters follow better the  rock dissolution lines (especially Figure 9.8 for Ca and 
Na) th an  the  b icarbonate  and  neutral chloride w aters. In com parison , the  
neutral chloride and  bicarbonate w aters seem  to follow be tter the  carbonate  
an d  fe ld spar equilibrium lines. This behavior is sim ilar to th a t observed  at 
Nevado del Ruiz w aters.
It can  be  concluded that in volcanic hydrotherm al sy s tem s, the  acid 
su lfa te  w a te rs  have  com positions com patib le  with rock d issolution. The 
b icarbonate and  neutral chloride w aters have com positions which fall near the 
carbonate  and feldspar equilibrium lines. According to G iggenbach (1984), the
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bicarbonate w aters are  not equilibrated w aters and feldspars are not in 
equilibrium in this kind of waters. However, if the bicarbonate waters are 
formed by dilution of the chloride brine around volcanoes and enriched with 
bicarbonate, their position in the feldspar equilibrium line may be representing 
the mineral equilibrium of the deeper brine, rather than the bicarbonate waters 
them selves. It was demostrated in Chapter 5, that a  dilution process may follow 
a  straight line in a  logarithmic activity diagram. The existence of the chloride 
brine has been suggested by Giggenbach (1988), a s  the result of extensive 
rock-fluid interaction.
Fossil systems
Heald et al. (1987) have recognized two distinctive types of volcanic- 
hosted epithermal ore deposits, in a  com parative study of sixteen well- 
docum ented Tertiary epithermal districts in different parts of the world. In their 
study, they classified the deposits a s  either acid-sulfate or adularia-sericite 
epithermal deposits. Both types are formed in similar pressure-tem perature 
conditions but in different geological and geochem ical environm ents. The 
acid-sulfate type deposits are formed in the root zones of volcanoes, from acid 
waters produced by the interaction with magmatic gases. The adularia-sericite 
type deposits form in a  lateral flow regime. They are produced by the 
interaction of surficial w aters with deep  saline waters, above and probably 
offset from the source of heat. The waters for this type of deposits should be 
neutral to weakly acidic alkali chloride waters. In a  general way, the mineral 
assem blages found by these authors for the acid-sulfate type deposits include 
the  sulfides enargite, pyrite, and  covellite; alunite, kaolinite, som etim es 
bismuthinite, rarely Mn minerals and chlorite. The mineral assem blage for the 
adularia-sericite type includes sericite, adularia; often selenides, chlorite; 
som etim es includes kaolinite; Mn gangue is present. Both types of veins are
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surrounded by a  propylitic alteration zone which includes the  m inerals chlorite, 
albite, epidote, carbonates, pyrite, Fe oxides, and  minor sericite.
Nevado del Ruiz hydrothermal system  can be com pared  with th ese  two 
types of volcanic epitherm al deposits characterized  by two types of w aters, 
and  two mineral assem b lages. This com parison su g g ests  that the acid sulfate 
w aters found a t N evado del Ruiz n ear the  V illam ana-Term ales fault could 
rep resen t the output to the  surface of the kind of w aters which give rise to the 
acid-sulfate deposits found in ancient system s. At the  sam e time, the  neutral 
chloride an d  b icarbonate  w aters  may rep resen t the  output of the  kind of 
w aters that could be producing the  adularia-sericite deposits in the lateral flow 
zones of the volcano, far from the source of heat.
A NEW  M ODEL FOR NEVADO  DEL R U IZ H YD R O TH ER M A L  
S Y S T E M
The final product of this work is the  proposition of a  new m odel of 
N evado del Ruiz which includes th e  physical and  chem ical p roperties 
previously studied. T he basic  characteristics of the  m odels of Sturchio e t al. 
(1988) and G iggenbach et al. (1990) for N evado del Ruiz a re  included in the 
new model b ecau se  they do not substantially contradict the p resen t study. The 
basic  characteristics a re : the  ex istence  of two w ater circulation sy s tem s at 
N evado del Ruiz (one for the acid sulfate and the  o ther for the neutral chloride 
w aters), a  vapor-brine envelope surrounding the  m agm atic cham ber, a  low 
perm eability  c a ra p a c e  surrounding th is en v elo p e , a  d e g ass in g  body of 
m agm a of irregular shape , and  a  neutral chloride m ature brine outw ards from 
the volcano. However, the m odel of N evado del Ruiz volcano p roposed  by 
Sturchio e t al. (1988) considers only the  existence of two circulation system s at 
N evado del Ruiz, one for the acid sulfate w ater to the  north of the  volcano and
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another for the neutral chloride waters to the west. It explain the bicarbonate 
waters a s  produced by boiling of the neutral chloride waters and mixing of the 
vapors with shallow er w aters. It has been  found in this work that the 
bicarbonate w aters fall on the sam e mixing line with the neutral chloride 
waters, this is not explained by the boiling process. The model proposed by 
G iggenbach et al. (1990) described  in C hapter 2, do es not take into 
consideration the structural control of the flow paths in the volcano and the 
separation of the two water systems.
The most difficult thing to explain about the characteristic properties of 
Nevado del Ruiz volcano hydrothermal system is the existence of two water 
types and the apparent lack of mixing between them. The acid sulfate waters 
are found around the Villamaria-Termales fault and separa te  physically the 
bicarbonate waters to the NE from the bicarbonate and chloride waters to the 
SW. Nevertheless, the bicarbonate and chloride waters in both sides seem  to 
belong to the sam e mixing line in the diagram s of C hapter 3. This behavior 
suggests som e evolution of the waters rather than real physical mixing.
The influence of the magmatic system  as a  source of chemical species 
is su g g ested  by the advective m ovem ent of m antle helium detected  
throughout the  system  after the November 1985 eruption, a s  d iscussed  by 
Williams et al. (1987) and Sano et al. (1990); and the increment in sulfate and 
chloride at Aguas Calientes and Term ales del Ruiz (Sturchio and Williams, 
1990) after the eruption. The magmatic g a se s  seem  to migrate more easily 
throughout the Villamaria-Termales and Palestina faults, because Term ales 
del Ruiz and Aguas Calientes are close to these  faults.
The spatial sequence observed from Las Nereidas and El Recodo hot 
springs to the Botero Londono group (e.g. Figures 3.15 to 3.16) indicates that 
the  faults and  contacts are high permeability zones, where the fluids can
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preferentially move. The springs at higher elevations a t the  volcano should 
have lower TDS b e ca u se  their flow path should follow shallow  dep th s and  
short d istances according to the  numerical simulation of heat and  fluid flow in 
m ountainous terrains (Forster and Smith, 1989). Taking into consideration the 
possib le  physical p ro c e sse s  a t dep th  an d  the  chem ical p roperties which 
characterize  this hydrotherm al system , a  m odel for N evado del Ruiz volcano 
hydrotherm al system  is p resen ted  in Figure 9.9. An E-W c ro ss  section of the  
volcano is p resen ted  in that figure.
. G ig g en b ach  e t al. (1990) have  su g g e s te d  th e  e x is te n c e  of an  
im pervious c a rap ace  surrounding a  primary neutralization zone c lose  to  the 
m agm atic environm ent. This c a rap a c e  is p roduced by th e  dissolution of 
silicates and later silicification and precipitation of other m inerals a s  silica and 
sulfides at low pH conditions, and  clogging of the  po res by the  precipitated 
m inerals. That low permeability ca rap ace  is conserved  in the  new model. As 
the  pore p ressu re  increases, this ca rap ace  is allowed to break  and vapors are  
allow ed to m igrate to shallow er d ep th s . The V illam aria-T erm ales fault is 
a ssu m ed  to penetra te  this region and  to provide a  h igher perm eability zone 
th a t allow s the  path of th e  fluids. The seism ic activity of th e  Villamaria- 
T erm ales fault can  re lease  the  p ressu re  and facilitate the  fluid path. The fluids 
from the  d e ep  zo n es  at th e  faults a re  assu m ed  to have a  higher m agm atic 
com ponent. They can  g e n e ra te  th e  acid su lfa te  w a ters  n e a r  the  surface. 
Surrounding the  high perm eability zone of the  V illam aria-Term ales fault, a  
low permeability zone is su ggested  to form by the deposition of m inerals, with 
increasing pH. T hat could explain the lack of mixing betw een  the two w ater 
sy s te m s a t Ruiz. The acid sulfate brine g en era ted  at the  fault m ixes with 
different proportions of shallow  m eteoric w aters to produce the  different acid 
sulfate hotsprings sam pled at the volcano. As the  system  is extensively faulted,
0 5 km
 1------------------------ 1
No vertical exaggeration
Villamaria-Termales fault e
m agm atic chamber
w
+\ ++ -  acid sulfate water * = neutral chloride and bicarbonate waters
A 0 = gas leak ,-=3L= two-phase fluid
   = contact /  = fault
Figure 9.9. Model for Nevado del Ruiz hydrothermal system. See text for discussion.
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o th er faults n ear th e  V illam aria-Term ales fault, a s  th e  P a les tina  fault, can 
channelize the  fluids to produce the observed d ischarges.
T he vapor and  the  brine + vapor envelopes around the  m agm atic 
cham ber su g g ested  by G iggenbach et al. (1990) are  m aintained in this model. 
In it, the  existence of a  deep  advective cell is proposed for the  neutral chloride 
brine surrounding the  carap ace . This advective cell is in ag reem en t with the 
simulation results of Birch (1989) described in C hapter 8 . The neutral chloride 
brine m ixes with different proportions of shallow groundw ater to produce the  
observed  d ischarges. One possible m echanism  to explain the existence of the 
brackish b icarbonate w aters, in addition to boiling of the  chloride w aters, is 
the  incorporation in the  chloride w aters of m agm atic g a se s  already partially 
neu tra lized  in th e  prim ary neutralization zone  (e.g . Las N ereidas). T he 
influence of th e  faults and  con tac ts  in circulation of fluids is em phasized . 
Iso therm s a re  not p resen ted  in th is m odel b e c a u se  th e re  is not sufficient 
information about the  geom etry of the  m agm atic body.
T he Villamaria-Termales fault could represen t the  surficial expression of 
the  type of faults near the  roots of the volcano which produces, a t depth, the 
acid sulfate mineralization observed  in ancient system s. The bicarbonate and  
n eu tra l ch lo rid e  w a te rs  could  be  p roducing  a d u la r ia -se r ic ite  ty p e  
mineralization at depth.
CHAPTER 10. CONCLUSIONS
This work has accom plished the  main objectives of the original 
dissertation research  project. It has been possible to identify the important 
physical and chem ical p ro cesses  occurring in the  hydrothermal system  of 
Nevado del Ruiz volcano. The characterization of two ground water types, the 
recognition of a  relationship between faults and fluid path, the identification of 
two corresponding surface alteration mineral assem blages in the field, have 
allowed the formulation of a physical and chemical model of this hydrothermal 
system.
The proposed model is consistent with the suggested  physical models 
of ground w ater flow in a re a s  of high relief and perm eable faults (Forster and 
Smith, 1989), and in a reas of recent magmatic intrusion (Birch, 1989). It is also 
consistent with the chem ical properties for volcanic hydrothermal system s 
su g g ested  by o ther au tho rs (Henley, 1984; S pycher and R eed, 1985; 
G iggenbach, 1984). The combination of both faults and magmatic intrusions 
can  explain  b e tte r  the  physical and  chem ical behavior of th e  Ruiz 
hydrothermal system.
IMPORTANCE OF THIS STUDY
One of the more important results of the present work is the recognition 
of two dom ains for the two reactive g a ses  present in this kind of system : sulfur 
dioxide and carbon dioxide. Sulfur dioxide is the reactive g as that, mixed with 
water, can produce the very reactive acid sulfate w aters observed at Ruiz. In 
the presence of sulfur dioxide, the also-reactive carbon dioxide does not react 
with the rocks until the pH is relatively high. Carbon dioxide, and bicarbonate 
ion, play important roles in the alteration of the rocks in the bicarbonate and 
neutral chloride w aters. In consequence , each of th ese  two ground w ater
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system s is characterized by a  dom inant reactive g a s  and  a  particular alteration 
mineral assem blage. The identification of carbon dioxide a s  a  dom inant agent 
in m ineral a ltera tion  h as  b een  ob se rv ed  in o th e r volcanic hydrotherm al 
sy s tem s around the world (Giggenbach, 1984).
Nevado del Ruiz geotherm al system  is particularly important b ecau se  of 
the  c lear spatial definition of the two subsystem s, the  two distinctive types of 
w a te rs  and m ineral a sse m b la g e s , an d  the  ap p a ren t a b se n c e  of mixing 
betw een the two types of w aters, even when the  two subsystem s a re  in close 
proximity to each  other.
This volcano can  be considered  a  very im portant experim ental place 
from m any points of view. The volcano p re sen ts  trem endous topographic 
relief which e n h a n c e s  the  topographic effects in ground w ater flow and heat 
transport. The p resen t cycle of m agm atic activity in the  volcano allows the 
observation of very distinct chem ical p roperties and  types of w aters. As the 
volcano continues its p resen t cycle of activity, a  c lo se r monitoring of the 
chem ical properties of the  system  could allow a  better understanding of similar 
sy s te m s around the  world, and might provide invaluable information for the 
understanding of fossil system s.
SUGGESTIONS FOR FUTURE WORK
Som e additional work, beyond the  scope  of th is project, could be done 
a t Ruiz in o rder to verify or improve the presen t knowledge of the  system  and 
its implications for the  p rocess of formation of ore deposits. Som e suggestions 
are:
a) A survey to the  SE of the  El Ruiz c ra te r is n e ed e d  in o rder to find and 
sam ple  possible surficial d ischarges. T hese  d ischarges should be  of the acid 
su lfa te  type if our m odel is co rrect and  should  verify the  continuation of 
Villam aria-Term ales fault.
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b)The m easurem ent of the total g a s  and liquid fluxes in the hydrothermal 
discharges would allow a  better treatm ent of the gas data. This is not an easy 
task, but there are  field m ethods which allow a  crude approximation of the 
discharges. T hese  m ethods have been applied in geotherm al fields in New 
Zealand (e.g. Allis, 1979 ).
c)The determination of trace elem ents (e. g., Au, Ag, Pb, and Cu) in the waters 
of Ruiz, especially at the acid sulfate waters, could have important implications 
in the understanding of this type of water, the fault system  and the generation 
of ore deposits.
d) Numerical simulation of heat and fluid flow considering several faults that 
bisect the summit of the mountain could be useful to better understand the 
behavior of system s like Ruiz. The simulation of permeability fields that 
generate  advection at the fault plane could be useful to understand the m ass 
and fluid transport in ore deposits.
e) Additional com puter modelling of fluid-rock reactions with the  program 
CHILLER could be done in order to reproduce the mineral assem blage at the 
bicarbonate and  neutral chloride w aters. This could be achieved using a  
hydrotherm al g as  rich in carbon dioxide. C ondensation of such g as and 
reaction with the rock could produce the minerals expected.
Finally, if the hydrothermal system  of Ruiz is intended to be exploited to 
g en e ra te  electrical energy, the  a re a  betw een Las N ereidas and Botero 
Londono se em s appealing.The spatial trend observed in the compositional 
diagram s suggests that the fluids follow the E-W faults in that region and later 
the N-S trending fault at Botero Londono. T hese faults should be the evident 
targets for exploration drilling purposes.
R E F E R E N C E S
Allis, R.G., 1979. Heat flow and tem perature investigations in therm al ground. 
New Zealand: D.S.I.R. G eophysics Division Report No. 135, 90 pp.
A rango, E., 1970. Prelim inary study  on th e  Ruiz G eo therm al Project 
(Colombia). Geotherm ics, Special Issue, 2 : 43-56.
Birch, M.U., 1989. G roundw ater flow sy s tem s and therm al regim es near 
cooling igneous plutons: Influence of surface topography. M. S. Thesis, 
Dept, of Geology, Utah S tate  University, Logan, Utah.
Bowers, T.S., Jackson , K.I., and  H elgenson, H.C., 1984. Equilibrium Activity 
Diagrams. New York: Springer-Verlag, 397 pp.
Brindley, G.W., and Brown, G., ed., 1980. Crystal structures of clay minerals 
and their x-ray identification. London: Mineralogical Society, 345 pp.
C arm ichael, I.S.E., and  Ghiorso, M.S., 1986. Oxidation-reduction relations in 
basic  m agm a: a  c a se  for hom ogeneous equilibria. Earth Planet. Sci. 
Lett., 78:200-210.
Carver, R.E., ed., 1971. P rocedures in sedim entary  Petrology. New York: 
Wiley Interscience a  division of John Wiley & Sons, Inc., 500 pp.
Cathles, L.M., 1977. An analysis of the  cooling of intrunsives by groundw ater 
convection which includes boiling. Econ. Geol., 72: 804-826.
C haigneau, M., 1965. Sur les gaz  volcaniques du Stromboli (lies Eoliennes), 
C.R. Acad. Franc. Sc., T261, p. 2241-2244.
CHEC, 1983. Investigacion G eot6 rmica, Macizo Volcanico del Ruiz, F a se  II, 
Vol. I - IV, CHEC Manizales, Unpublished Reports.
C ook, H.E., Johnson , P.D., Matty, J.C ., and  Zem m els, I., 1975. M ethods of 
sam p le  p rep a ra tio n  and  X-ray diffraction d a ta  a n a ly s is : X-ray 
m ineralogy laboratory , D eep  S e a  Drilling P ro ject, U niversity of 
California, Riverside: Initial reports of the D eep S e a  Drilling Project, 28: 
W ashington (U. S. Govt, printing office), pp. 999- 1007.
D'Amore, F., and  Panichi, C., 1980. Evaluation of d e e p  tem p era tu re s  of 
hydrotherm al sy s te m s by a  new g a s  geo th e rm o m ete r. G eochim . 
Cosmochim. Acta, 44: 549-556.
Dean, J.A., ed., 1973. Lange’s  Handbook of Chemistry. Eleventh edition. New 
York: McGraw-Hill Book Com pany, 10-48.
Deer, W.A., Howie, R.A., Zussm an, J., 1966. An introduction to the rock forming 
m inerals. London, England: Longman Scientific & Technical, 528 pp.
266
267
Drever, J. I., 1988. The geochemistry of natural waters. New Jersey: Prentice - 
Hall. 388 pp.
Forster, C.B., and Smith, L., 1988. Groundwater flow system s in mountainous 
terrain 2. Controlling factors. W ater Resour. Res., 24:1011-1023.
Forster, C.B., and Smith, L., 1989. The influence of groundw ater flow on 
thermal regim es in m ountainous terrain: A model study. J. Geophys. 
Res. 94:999-1010.
Fouillac, C., and Michard, G., 1981. Sodium/lithium ratio in w ater applied to 
geothermometry of geothermal reservoirs. Geothermics 10: 55-70.
Fournier, R.O., 1979. A revised equation for the  Na/K geotherm om eter. 
Geotherm. Resources Council Transac. 3: 221-224.
Fournier, R.O., 1985a. Carbonate transport and deposition in the epithermal 
environment. In Geology and Geochem istry of Epithermal System s 
(Berger, B.R. and Bethke, P.M., eds) Reviews in Economic Geology, 2, 
298 pp.
Fournier, R.O., 1985b. Behavior of silica in hydrotherm al solutions. In 
Geology and Geochemistry of Epithermal System s (Berger, B.R. and 
Bethke, P.M., eds) Reviews in Economic Geology, 2, 298 pp.
Fournier, R.O., and  T ruesdell, A.H., 1973. An em pirical Na-K-Ca 
geotherm om eter for natural w aters. Geochim. Cosmochim. Acta 37: 
1255-1275.
Fournier, R.O., and Potter, R.W. II, 1979. Magnesium correction to the Na-K-Ca 
chemical geothermom eter. Geochim. Cosmochim. Acta 43: 1543-1550.
Garrels, R. M., and Christ, C.L., 1965. Solutions, minerals, and equilibria. San 
Francisco: Freeman, Cooper, 450 pp.
Gerlach, T.M., 1986. Exsolution of H20 ,  C 0 2 , and S during eruptive episodes 
at Kilauea volcano, Hawaii. J. Geophys. Res., 91:12,177-12,185.
Giggenbach, W.F., 1980. Geothermal gas equilibria. Geochim. Cosmochim. 
Acta, 44: 2021-2032.
G iggenbach, W .F., 1981. G eotherm al m ineral equilibria. Geochim . 
Cosmochim. Acta, 45: 393-410.
Giggenbach, W.F., 1984. M ass transfer in hydrothermal alteration system s. 
Geochim. Cosmochim. Acta, 48: 2693-2711.
268
G iggenbach , W .F., Martini, M., and  C orazza , E., 1986. T he e ffec ts  of 
hydrotherm al p ro c e sse s  on the chem istry of som e recent volcanic-gas 
d ischarges. Period. Mineral., 55: 15-28.
G ig g en b ach , W .F., 1987. R edox  p ro c e s s e s  govern ing  th e  cem istry  of 
fum arolic g a s  d isch a rg es  from W hite Island, New Z ealand . Appl. 
G eochem . 2: 143-161.
G iggenbach, W .F., 1988. G eotherm al so lu te  equilibria. Derivation of Na-K- 
M g-Ca geoindicators. Geochim . Cosm ochim . Acta, 52: 2749-2765.
G iggenbach, W.F., G arcia P., N., Londofio C., A., Rodriguez V., L., Rojas G., 
N„ and  C alvache V., M.L., 1990. The chem istry of fumarolic vapor and  
th erm al spring  d is c h a rg e s  from th e  N evado  de l Ruiz vo lcano , 
C olom bia. In: S.N . W illiams (Editor), N evado  del Ruiz vo lcano , 
Colombia, II. J. Volcanol. G eotherm . Res., 42:13-40 .
G iggenbach, W .F., and  Goguel, R.L., 1988. M ethods for the  collection and  
analysis of geotherm al and  volcanic w ater and  g a s  sam ples. NZ-DSIR 
Report, CD 2387, 53 pp.
G ourgaud, A., an d  Thouret, J .C ., 1990. M agm a mixing and  p e tro g en esis  of 
th e  13 N ovem ber 1985 erup tive  p ro d u c ts  a t N evado  de l Ruiz 
(Colom bia), n: S.N . W illiams (Editor), N evado del Ruiz volcano, 
Colombia, I. J. Volcanol. G eotherm . Res., 41 :79-96 .
Harmon, R.S., Barreiro, B.A., Moorbath, S., Hoefs, J ., Francis, P.W ., Thorpe, 
R.S., Deruelle, B., McHugh, J., and  Viglino, J.A., 1884. Regional O-, Sr- 
, and  Pb-isotopic relationships in late-C enozoic calc-aikaline lavas of 
the A ndean Cordillera. J. Geol. Soc. London, 141: 803-822.
Heald, P., Foley, N. K., and  Hayba, D.O., 1987. C om parative anatom y of 
volcanic-hosted epitherm al deposits: acid-sulfate and adularia-sericite  
types. Econ. Geol., 82 :1 -26 .
Herd, D.G. , 1974 and  1982. Glacial and volcanic geology of the  Ruiz-Tolima 
com plex, C ordillera C entral, Colom bia. Ph.D . T h esis , University of 
W ashington , 78  pp.; 1982 ,P ub licac iones E sp e c ia le s , Ingeom inas, 
no.8 , Bogota, 48 pp.
Henley, R.W., 1985. T he geo therm al fram ew ork for epitherm al deposits . In 
Geology and  G eochem istry  of Epitherm al S ystem s (Berger, B.R. and  
Bethke, P.M., ed s) Reviews in Economic Geology, 2, 298 pp.
Henley, R.W., and  Ellis, A.J., 1983. G eotherm al system s ancient and  m odern: 
A geochem ical review. Earth Sc. Rev., 19 :1-50 .
Henley, R.W., Truesdell, A.H., Barton, P.B., and Whitney, J.A., 1984. Fluid- 
mineral equilibria in hydrothermal system s. Rev. in Econ. Geol., 1: 
267.
Iwasaki, I., Ozawa, T., Yoshida, M., and Katsura, T., 1965. Chemical analysis 
of volcanic g ases . Bull. Vole. 28: 5-16.
Krauskopf, K.B., 1979. Introduction to Geochemistry. New York: Me Graw-Hill, 
721 pp.
Lippman, M... T sang, C.F., and  W itherspoon, P.A., 1977. Analysis of the 
re sp o n se  of geotherm al reservoirs under injection and  prodution 
procedures. Dallas, Texas, Rep. SPE 6537, Soc. Petrol. Eng.
Lowell, R .P., 1991. Modeling continental and  subm arine  hydrotherm al 
system s. Rev. Geophys., 29: 457-476.
Martinelli, B., 1990. Analysis of seism ic patterns observed at Nevado del Ruiz 
volcano during A ugust-Septem ber, 1985. In: S.N. Williams (Editor), 
N evado del Ruiz volcano, Colombia, I. J. Volcan. G eotherm . Res., 
41:297-314.
Melson, W.G., Allan, J.F., Reid Jerez, D., Nelen, J., Calvache, M.L., Williams, 
S.N., Fournelle, J., and Perfit, M., 1990. W ater contents, tem peratures 
and diversity of the  m agm as of catastrophic eruption of Nevado del 
Ruiz, Colombia, November 13, 1985. n: S.N. Williams (Editor), Nevado 
del Ruiz volcano, Colombia, I. J. Volcanol. Geotherm . Res., 41: 97-126.
Menyailov, I.A., 1975. Prediction of eruptions using changes in composition of 
volcanic gases . J. Volcanol., 39: 112-125.
Munoz, C.F., Nieto E., A., and Meyer, H.. 1990. Analysis of sw arm s of high- 
frequency seism ic even ts a t N evado del Ruiz volcano, Colombia: 
January , 1986- August, 1987: developm ent of a  procedure. In: S.N. 
Williams (Editor), Nevado del Ruiz volcano, Colombia, I. J. Volcan. 
Geotherm . Res., 41 :327-354.
Nieto,E., Brandsdottir, B., and Munoz, C.. 1990. Seismicity assoc ia ted  with 
the reactivation of Nevado del Ruiz, 1985-1986. In: S.N. Williams 
(Editor), Nevado del Ruiz volcano, Colombia, I. J. Volcanol. Geotherm. 
Res., 41:315-326.
Nordlie, B.E., 1971. The composition of the magmatic g as  of Kilauea and its 
behavior in the near surface environment. Am. J. Sc., 271: 417-463.
Norton, D., 1974. Chemical m ass tranfer in the Rio T anam a system , west- 
central Puerto Rico. Geochim. Cosmochim. Acta, 38: 267-277.
Nur, A., and Walder, J.. 1989. Time dependent hydraulics of the Earth's crust, 
in The Role of Fluids in Crustal P rocesses, National Academy Press, 
Washington , D.C.
Oskarsson, N., 1984. Monitoring of fumarole discharge during the 1975-1982 
rifting in Krafla volcanic center, North Ireland. J. Volcanol. Geotherm. 
Res., 22: 97-121.
Plummer, L.N., Parkhurst, D.L., Fleming, G.W., and Dunkle, S.A.,1989. A 
com puter program incorporating Pitzer's equations for calculation of 
geochem ical reactions in brines. U.S. Geological Survey W ater- 
Resources Investigations Report 88-4153, 163 pp.
Reed, M.H., 1982. Calculation of multicomponent chemical equilibria and 
reaction p rocesses in system s involving minerals, g a se s  and an 
aqueous phase. Geochim. Coamochim. Acta 46: 513-528.
Reed, M.H., and Spycher, N., 1985. Boiling, cooling, and oxidation in 
epithermal system s: a  numerical modeling approach. In Geology and 
Geochemistry of Epithermal System s (Berger, B.R. and Bethke, P.M., 
eds) Reviews in Economic Geology, 2 , 298 pp.
Sano, Y., Wakita, H., and Williams, S.N., 1990. Helium isotope anomaly in 
Nevado del Ruiz volcano, Colombia: Implications for the volcanic 
hydrothermal system . In: S.N. Williams (Editor), Nevado del Ruiz 
volcano, Colombia, II. J. Volcanol. Geotherm. Res., 42: 41-52.
Sigvaldason, G.E., and Elisson, G., 1968. Collection and analysis of volcanic 
g a ses  at Surtsey, Iceland. Geochim. Cosmochim. Acta, 32: 797-805.
Shikazono, N., 1978. possible cation buffering in chloride-rich geothermal 
waters. Chemical Geology, 23: 239-254.
Spycher, N., and Reed, M.H., 1990a. Users guide for CHILLER: A program 
for computing water-rock reactions, boiling, mixing and other reaction 
p ro c e sse s  in aqueous-m inera l-gas sy stem s. R evised edition. 
Department of Geological Sciences, University of Oregon, Eugene, 
Oregon. 64 pp.
Spycher, N., and Reed, M. H„ 1990b. Users guide for SOLVEQ: A computer 
program for computing aqueous-m ineral-gas equilibria. Revised 
preliminary edition, Department of Geological Sciences, University of 
Oregon, Eugene, Oregon. 37 pp.
Strickler, M.E., Ferrell, R.E., and Snelling, R.D., 1989. A quantitative method 
for the analysis of Ca-, Mg-, and Fe- carbonates in clay rich rocks and 
sediments. Research methods papers, 624-625.
271
Sturchio, N.C., Williams, S.N., Garcia P., N. and Londono C., A., 1988. The 
hydrothermal system  of Nevado del Ruiz Volcano, Colombia. Bull. 
Volcano!., 50: 399-412.
Sturchio, N.C., and  Williams, S.N., 1990. Variations in chem istry of acid- 
sulfate-chloride springs at Nevado del Ruiz volcano, Colombia: 
November 1985 through D ecem ber 1988. In: S.N. Williams (Editor), 
Nevado del Ruiz volcano, Colombia, II.J. Volcanol. Geotherm. Res., 42: 
203-210.
Taylor, S.R., 1964. Abundance of chemical elem ents in the continental crust: 
A new table. Geochim. Cosmochim. Acta 28:1273-1285.
Torgersen, T., 1990. Crustal- scale fluid transport. EOS Trans. AGU, Jan. 2.
Thouret, J.C., 1990. Effects on the 13 November 1985 eruption on the ice cap 
and on the snow pack of Nevado del Ruiz volcano, Colombia. In: S. N. 
Williams (Editor), Nevado del Ruiz volcano, Colombia, I. J. Volcanol. 
Geotherm. Res., 41:177-201.
Thouret, J.C., Cantagrel, J.M., Salinas, R., and Murcia, A.,1990a. Quaternary 
eruptive history of Nevado del Ruiz volcano, Colombia. In: S.N. 
Williams (Editor), Nevado del Ruiz volcano, Colombia, I. J. Volcanol. 
Geotherm. Res., 41: 225-253.
Thouret, J.C ., Salinas, R., and Murcia, A., 1990b. Eruption and m ass- 
w asting-induced p ro ce sse s  during the  late Holocene destructive 
p h ase  of Nevado del Ruiz volcano, Colombia. In: S.N. Williams 
(Editor), Nevado del Ruiz volcano, Colombia, I. J. Volcanol. Geotherm. 
Res., 41: 203-224.
Vatin-Perignon, N., G oem ans, P., Oliver, R.A., and  P arra , E .P., 1990. 
Evaluation of magmatic p rocesses for the products of the Nevado del 
Ruiz volcano, Colombia from geochemical and petrological data . In: 
S.N. Williams (Editor), Nevado del Ruiz volcano, Colombia, I. J. 
Volcanol. Geotherm. Res., 41: 153-176.
Williams, S.N., Sano, Y., and  Wakita, H., 1987. Helium-3 em ission from 
Nevado del Ruiz volcano, Colombia. Geophys. Res. Letters, 14:1035- 
1038.
Williams, S.N., Stoiber, R.E., Garcia, C.N., Londono, A., Gemmell, J.B., Lowe, 
D.R., and Connor, C.B., 1986. Eruption of the N evado del Ruiz 
volcano, Colombia, on 13 N ovem ber 1985: G as  flux and fluid 
geochemistry. Science, 233: 964-967.
Williams, S.N., Sturchio, N.C., Calvache, M.L., Mendez, R., Londono, A., and 
G arcia, N., 1990. Sulfur dioxide from Nevado del Ruiz Volcano, 
Colombia: Total flux and isotopic constraints on its origin. In: S.N.
Williams (Editor), N evado del Ruiz volcano, Colombia, II. J. Vole. 
Geotherm. Res., 42: 53-68.
W olery, T .J., 1979. Calculation of chm ical equilibrium betw een  aq u eo u s 
solution and  m inerals; the  EQ3/6 software package. U.C.R.L.-52658: 
Lawrence Livermore Laboratory.
Zollweg, J . E., 1990. Seismicity following the  1985 eruption of Nevado del 
Ruiz, Colombia. In: S.N. Williams (Editor), N evado del Ruiz volcano, 
Colombia, I. J. Vole. Geotherm . Res., 41: 355-368 .
APPENDIX 1. DESCRIPTION OF SAMPLES FOR X-RAY 
DIFFRACTION ANALYSES
The description of the 19 sam ples collected for this study is a s  follows. 
A auas Calientes
D 1 H i g h l y  a ltered  pebb les found inside the  spring. They w ere 
covered with yellow precipitate.
D2.- Hydrothermally altered lava flow located 0.3 m above hot spring
vent.
iJotfil.l em ates-del Ruiz
D3A.- Highly altered rock covered with precipitate or alteration. It w as 
located at the vent of spring.
D3B.- White alteration product located above w ater level in spring vent. 
D3C.- Yellow precipitate located below w ater level in vent of spring. 
D4.- Highly hydrothermally altered rock located 10 cm  laterally away 
form spring vent.
D5.- Hydrothermally altered rock located 10 m away from main vent, 
near sm aller spring and about 1m in elevation above D3 and D4.
D6 .- Highly hydrothermally altered lava flow. Hydrothermal zonation 
can be  observed. Color varies from gray to d eep  reddish-brown. It is located 
about 50m below Hotel Term ales, on the road to Manizales.
D7.- Granite located at 2805 m elevation on Hotel Term ales-M anizales
road.
D8 .- Schist located a t 2750 m elevation on Hotel Term ales-M anizales
road.
Rip Guali Hot Spring
D9.- Volcaniclastic altered deposit 2 m below hot spring.
D10.- Altered rock with yellow precipitate located at spring vent.
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D1 1 Whi t e evaporation product com posed of long needle-shaped 
crystals. It was located immediately above hot spring vent.
Botero Londono
D12p.- White evaporation product located 15 m upstream from hottest
vent.
D12.- Hydrothermally altered lava flow located near hot spring.
D13.- Metamorphic rock located underneath hot spring.
Azufrera Las Nereidas
. D14.- Altered lava flow located adjacent to hot spring.
El Recodo
D15.- Altered jointed lava flow located on north side of river, 30m away 
from spring.
D16.- Altered poorly exposed lava flow located on south side of Rio 
Claro, about 10 m above spring.
APPENDIX 2. EFFECT OF TEMPERATURE AND USE OF 
CONCENTRATIONS IN PHASE DIAGRAM S  
Effect of temperature on the activity coefficients
Activity diagram s show  stability fields for different minerals, in term s of 
the concentration of metal cations and hydrogen ion. The boundary betw een 
two m inerals in the  diagram  is a  function of tem pera tu re , p ressu re , and  
composition. The effect of the other ions in the solution a s  well a s  tem perature 
w as stud ied  using th e  com puter speciation  an d  reaction path  m odeling 
program  PHRQPITZ (Plum m er et al.,1989) to calculate the  activities of the 
different ions.
PHRQPITZ is a  com puter speciation  and  reaction  pa th  m odeling
program  which com pu tes the  activity coefficients using P itzer equations 
(Plum m er e t al., 1989). Drevers (1988) defines the activity coefficient Yj of
solute i a s  the  ratio betw een activity a s and concentration (molality) n r i j ,  Yj =  
- ^ 7  . The activity coefficient Yj approaches 1 a s  the X n rij ap p ro ach es zero  in
the solution. The standard  s ta te  is a  hypothetical ideal 1 m solution at 1 bar 
and  25 celcius deg rees. The Pitzer model s ta te s  that departu res from ideality 
of ions in a  solution are  produced by specific interactions with o ther ions in the 
solution. T h ese  interactions are  ex p ressed  in term s of the  P itzer interaction 
param eters which a re  experimentally determ ined.
PHRQPITZ com putes the activities and  activity coefficients up to 350°C. 
However, the  model results a re  more accura te  if u sed  at tem pera tu res of 25- 
60°C b ecau se  of lack of therm odynam ic d a ta  above th ese  tem peratures. The 
version of PHRQPITZ used  in this work is defined for the chem ical system  Na- 
K-Mg-Ca-H-CI-SQ4 -OH- HCQ3 - CQ3 - C 0 2 -H2Q.
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The effect of the presence of other ions in the solution on the activity
coefficient is very important, a s  can be observed in T ables A2.1, A2.2, and
A2.3, which show the activity coefficients a s  a  function of tem perature for
waters of Botero Londono (BL), Aguas Calientes (AC), and Las Nereidas (LN). 
The effect is stronger for higher charge ions such a s  S 0 42' , C a2+ and Mg2+.
For these  ions, the activity coefficient can be sm aller than 0.5, indicating that 
their activity can be less than half their concentration. The ratio — C£L-^- (where
a H+
a  n+ = activity of cation M with n+ charge, a u+n = activity of the hydrogen ion
M H
to the nth power) can be written as:
_  , y Mn + w m Mn +  * 
a  n “  '  v  ^  m  n '
H+ YH+ H
Q  p  |
Equilibrium activity diagram s are plots of log (— ) for different cation pairs
a H +
in the x and y coordinates, which show stability fields for different chemical 
sp ec ies  involving the specific se t of cations. The equilibrium lines, which 
se p a ra te  two chem ical sp e c ie s  in this kind of d iag ram s, d epend  on 
tem perature and pressure. B ecause of this behavior the effect of tem perature
a Mn+
on the log — BQ-r- w as studied. The results are presented in Figures A2.1,
a H
c l p| |
A2.2, and A2.3, where the log(— ) for the different cations a s  a  function of
a H+
tem peratu re  for Botero Londono (BL), A guas C alientes (AC), and Las 
Nereidas (LN). The graphs show lines with very gentle slopes, indicating that 
the  effect of tem perature on the ratios is not very significant. T hese results 
imply that the position of da ta  points will not be very different when different 
equilibrium tem peratures are assum ed in the equilibrium activity diagrams.
Table A2.1, Activity and activity coefficients as a function of temperature for Botero Londono (BL) brackish neutral
chloride waters.
Temp. (“) H act. H a. coet. Ca act. Ca act.coef. Mg act. Mg act.coet. Na act. Na act.coef. K act. K
1 94.0 1.00O-8 0.726 5.000-4 0.416 8.940-5 0.434 2.190-2 0.823 1.640-3 0.821
2 100.0 1.130-8 0.706 4.930-4 0.411 8.810-5 0.427 2 .180-2 0.821 1.630-3 0.818
3 125.0 1.790-8 0.595 4.680-4 0.390 8.160-5 0.396 2.150-2 0.808 1.610-3 0.806
4 150.0 2.610-8 0.443 4.440-4 0.370 7.370-5 0.358 2 .110-2 0.794 1.580-3 0.793
5 175.0 3.60O-8 0.281 4.130-4 0.344 6.440-5 0.313 2.07e-2 0.777 1.550-3 0.777
6 200.0 4.830-8 0.153 3.750-4 0.312 5.430-5 0.263 2.02O-2 0.759 1.520-3 0.759
7 225.0 6.640-8 0.075 3.310-4 0.276 4.440-5 0.215 1.960-2 0.737 1.48e-3 0,739
8 250.0 9.890-8 0.035 2.850-4 0.238 3.620-5 0.176 1.890-2 0.712 1.430-3 0.714
9 275.0 1.610-7 0.016 2.370-4 0.198 2.980-5 0.144 1.810-2 0.682 1.370-3 0.685
IO 300.0 2.740-7 0.008 1.870-4 0.156 2.410-5 0.117 1.710-2 0.645 1,29e-3 0.647
Temp. (") Po act. Fe act. coef. Cl act. Cl C03 act. C03 S04 act. S04 LI act. Li HC03 act. HC03 act.
94.0 2.340-7 0.435 2.330-2 0.820 1.470-5 0.127 1.740-4 0.408 4.470-4 0.825 2.08O-3 0.815
100.0 2.310-7 0.429 2.320-2 0.818 1.250-5 0.114 1.720-4 0.403 4.450-4 0.822 2.07e-3 0.813
125.0 2.160-7 0.401 2.290-2 0.807 6.240-6 0.080 1.620-4 0.379 4.380-4 0.809 2.02O-3 0.803
150.0 1.990-7 0.370 2.260-2 0.794 2.920-6 0.069 1.510-4 0.353 4.30O-4 0.793 1.90O-3 0.792
175.0 1.820-7 0.338 2.210-2 0.780 1.220-6 0.078 1.390-4 0.324 4.20O-4 0.776 1.670-3 0.778
200.0 1.640-7 0.304 2.170-2 0.763 4.310-7 0.111 1.260-4 0.294 4.10e-4 0.757 1.290-3 0.763
225.0 1.450-7 0.269 2.110-2 0.743 1.130-7 0.158 1.120-4 0.262 3.980-4 0.735 B.IOe-4 0.744
250.0 1.250-7 0.232 2.04O-2 0.720 1.910-8 0.177 9.690-5 0.228 3.840-4 0.710 3.780-4 0.722
275.0 1.04O-7 0.193 1.960-2 0.691 2.10O-9 0.159 7.990-5 0.191 3.680-4 0.679 1.320-4 0.694
300.0 8.160-8 0.151 1.860-2 0.655 1.770-10 0.129 5.950-6 0.151 3.470-4 0.649 3.860-5 0.658
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Table A2.2. Activity and activity coefficients as a function of temperature for Aguas Calientes (AC) brackish acid sulfate
waters.
Temp. (°C) H act. H Ca act. Ca act.coef. Mg act. Mg act. Na act. Na act.coef. K act.
62.0 6.316-2 0.363 1.410-3 0.261 1.720-3 0.265 9.19e-3 0.744 4.110-3
75.0 5.910-2 0.340 1.42e-3 0.263 1.70e-3 0.263 9.100-3 0.737 4.070-3
100.0 5.298-2 0.304 1.400-3 0.258 1.640-3 0.253 8.87e-3 0.719 3.97e-3
125.0 4.830-2 0.278 1.310-3 0.242 1.520-3 0.234 8.58e-3 0.695 3.850-3
150.0 4.490-2 0.258 1.180-3 0.217 1.350-3 0.209 8.25e-3 0.668 3.716-3
175.0 4.210-2 0.242 1.016-3 0.187 1.160-3 0.180 7.88e-3 0.638 3.54e-3
200.0 3,95e-2 0.227 8.43e-4 0.156 9.636-4 0.149 7.470-3 0.605 3.370-3
225.0 3.700-2 0.213 6.730-4 0.124 7.680-4 0.119 7.03e-3 0.569 3.170-3
250.0 3.43e-2 0.197 5.120-4 0.095 5.84e-4 0.090 6.24e-3 0.530 2.960-3
Temp. ("C) K act.coef. Fe act. Fe act.coef. Cl acl. Cl act. coef. S04 act. S04 act. coel. Li act. Li act.coef.
62.0 0.708 1.140-3 0.302 3.140-2 0.709 3.75e-3 0.167 2.80e-5 0.709
75.0 0.702 1.150-3 0.305 3.14e-2 0.708 2.810-3 0.163 2.750-5 0.698
100.0 0.684 1.130-3 0.299 3.110-2 0.703 1.490-3 0.152 2.66e-5 0.675
125.0 0.663 1.06O-3 0.280 3.07O-2 0.692 7.230-4 0.137 2.570-5 0.651
150.0 0.638 9.440-4 0.250 3.000-2 0.678 3.270-4 0.121 2.460-5 0.624
175.0 0.610 8.10e-4 0.215 2.920-2 0.659 1.410-4 0.104 2.350-5 0.596
200.0 0.580 6.690-4 0.177 2.820-2 0.636 5.910-5 0.087 2.230-5 0.565
225.0 0.547 5.320-4 0.141 2.700-2 0.608 2.410-5 0.070 2.090-5 0.531
250.0 0.509 4.020-4 0.107 2.550-2 0.575 9.69e-6 0.054 1.950-5 0.494
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Table A2.3. Activity and activity coefficients as a function of temperature for Las Nereidas (LN) brackish bicarbonate
waters.
Temp. (°) H act. H act.coef. Ca act. Ca act.coef. Mg act. Mg act.coef. Na act. Na act.coef. K act. K act.coef. Fe act. Fe act. coef.
47.0 7.946-3 0.717 1.31e-3 0.534 8.64e-4 0.538 3.57e-3 0.873 3.120-4 0.870 2.840-7 0.528
75.0 7.410-3 0.586 1.24e-3 0.506 8.26e-4 0.514 3.550-3 0.867 3.100-4 0.864 2.750-7 0.511
100.0 5.890-3 0.429 1.170-3 0.478 7.870-4 0.490 3.520-3 0.860 3.07O-4 0.857 2.640-7 0.492
125.0 4.210-3 0.269 1.10e-3 0.448 7.450-4 0.464 3.48e-3 0.851 3.040-4 0.848 2.53e-7 0.471
150.0 2.78e-3 0.145 1.02O-3 0.417 6.960-4 0.433 3.44e-3 0.841 3.010-4 0.838 2.400-7 0.447
175.0 1.768-3 0.071 9.450-4 0.386 6.350-4 0.395 3.390-3 0.829 2.960-4 0.827 2.260-7 0.420
200.0 1.130-3 0.032 8.680-4 0.355 5.480-4 0.341 3.340-3 0.816 2.910-4 0.813 2.11e-7 0.392
225.0 8.140-4 0.014 7.840-4 0.321 4.270-4 0.266 3.280-3 0.801 2.860-4 0,798 1.950-7 0.362
250.0 7.280-4 0.006 6.940-4 0.283 3.050-4 0.190 3.210-3 0.783 2.800-4 0.780 1.770-7 0.330
Temp. (“) Mn act. Mn act.coef. Cl act. Cl act.coef. C03 act. C03 act.coef. S04 act. S04 act. coef. Li act. Li act.coef. HC03 act. HC03 act.
47.0 4.15e-6 0.530 9.790-5 0.867 5.190-7 0.163 1.160-3 0.476 5.020-6 0.870 6.49e-3 0.867
75,0 4.010-6 0.512 9.710-5 0.860 6.350-7 0.092 1.100-3 0.449 4.98e-6 0.863 6.43e-3 0.860
100.0 3.87e-6 0.493 9.630-5 0.852 7.370-7 0.054 1.030-3 0.423 4.930-6 0.655 6.36e-3 0.652
125.0 3.700-6 0.472 9.53e-5 0.843 8.240-7 0.036 9.69e-4 0.396 4.87e-6 0.845 6.270-3 0.843
150.0 3.51e-6 0.448 9.410-5 0.833 8.850-7 0.031 9.010-4 0.368 4.810-6 0.834 6.150-3 0.832
175.0 3.300-6 0.421 9.270-5 0.821 8.96e-7 0.034 8.30e-4 0.339 4.730-6 0.821 5.96e-3 0.820
200.0 3.080-6 0.393 9.120-5 0.808 7.910-7 0.046 7.610-4 0.311 4.65e-6 0.806 5.53e-3 0.806
225.0 2.850-6 0.363 8.95e-5 0.793 5.190-7 0.065 6.95e-4 0.285 4.56e-6 0.791 4.58e-3 0.791
250.0 2.59e-6 0.331 8.760-5 0.776 2.100-7 0.079 6.29e-4 0.258 4.46e-6 0.773 3.070-3 0.774
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Concentration versus Activity diagrams
As m entioned above, equilibrium activity d iagram s involve the 
a Mn+
log(— “ -r- ) for different cation pairs and show stability fields for minerals
a H *
involving the specific set of cations. In som e c ase s  ideality of the solution is 
assu m ed  and the activity coefficients are  se t equal to one. Then, 
concentrations are plotted in the diagrams. Table A2.4 shows the acitivities 
and activity coefficients for the more concentrated w aters of Ruiz. Different 
d iagram s should be expected  when concentrations are  u sed  instead of 
activities. However, the deviation of the activity coefficients from unity tend to
9 ,  j
be minimized when the ratio — is considered. This behavior can be
a H
a M m-
observed in Figures A2.4 and A2.5 where the log —S£L^ - for the cation pairsaH+
Ca, Mg, Na, and K are considered. A comparison betw een the activity and 
concentration diagram s for the brackish w aters of Nevado del Ruiz are 
presented in these  two graphs. The position of the data  points does not look 
very different when concentrations are plotted instead of activities. Thus, in this 
kind of logarithmic plots the deviations of activity coefficients from ideality are 
minimized. For example, a  ratio of activity coefficients equal to 2 will produce 
a  difference of only 0.3 units in a  base 10 logarithmic scale. This m eans that 
the use of concentrations instead of activities will not change significantly the 
position of the data  points in the activity diagrams. For the dilute waters, the 
deviations from ideality are even smaller. In consequence, the equilibrium 
activity d iagram s obtained when ideality of the  solution is assum ed  
(concentration equal to activity), do not differ considerably from the activity 
diagrams for the real solutions.
Table A2.4. Activity and activity coefficients for Nevado del Ruiz brackish waters at the discharge temperature.
Initials Location Dale T«C 1* H act. H Ca act. Ca acl. coef. Mg acl. Mg act.coel. Na acl. Na act.coel. K act. K act.coef.
BRACKISH BICARBONATE WATERS
LC La Calera Jun-82 26.0 6.6 2.5120-7 0.633 1.10e-3 0.590 4.270-4 0.576 7.030-3 0.877 3.59e-4 0.875
SL San Luis Jun-82 45.0 6.2 6.310a-7 0.747 1.46e3 0.503 4.210-4 0.487 1.44e-2 0.847 5.40e-4 0.843
IN Las Noreidas Ja n -86 47.0 6.1 7.9430-7 0.717 1.310-3 0.534 8.640-4 0.538 3.570-3 0.873 3.120-4 0.870
re EIRecodo Apr-88 56.0 8.1 7.9430-9 0.740 5.68e-4 0.529 6.390-4 0.554 . 5.570-3 0.883 8.80e-4 0.862
BRACKISH ACID SULFATE WATERS
TR Termales del R Jan-87 64.0 1.5 3.1620-2 0.271 1.660-3 0.239 2.60O-3 0.248 1.650-2 0.741 3 88o3 0.709
AC Aguas Callenles Apr-88 62.0 1.2 6.310O-2 0.363 1.410-3 0.261 1.720-3 0.265 9.190-3 0.744 4.110-3 0.708
m LaHedonda Dec-86 13.0 2.7 1.9950-3 0.533 7.350-4 0.320 8.63e 4 0.361 2.330-3 0.822 3.34e-4 0.814
FG Rk) Guall Apr-88 34.0 2.7 1.9950-3 0.532 2.20O-3 0.369 6.40O-4 0.409 1.220-3 0.845 2.15e-4 0.840
AB Aguas Blancas Apr-88 33.0 2.8 1.5850-3 0.479 3.230-3 0.321 1.270-3 0.357 4.09O-3 0.822 3.13e-4 0.813
BRACKISH NEUTRAL CH.ORIDI WATERS
BS otero Londoflo spo Apr-88 94.0 8.0 I.OOOe-8 0.726 5.000-4 0.416 8.940-5 0.434 2.190-2 0.823 1.640-3 0.821
BP Jotero Londoflo po< Apr-88 91.0 7.8 1.5850-8 0.730 4.820-4 0.438 1.110-4 0.450 2 .020-2 0.829 1.540-3 0.826
LP La Piscina J a n -86 59.0 6.8 1.5850-7 0.836 4.840-4 0.538 2.640-4 0.535 1.380-2 0.859 1.08O-3 0.857
KG Hac. Granates Jun-82 55.0 6.8 1.5850-7 0.794 1.100-3 0.499 2.06O-5 0.501 1.700-2 0.848 2.810-4 0.844
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Table A2.4. Continuation.
Initials Location Fe act. Fe act.coef. Mn act. Mn act.coef. Cl act. Cl act. coef.
LC La Calera 5.05e-6 0 .563 2.100-3 0.876
SL San Luis 1.10e-5 0.471 5.07O-3 0.842
IN Las Nerektas 2.840*7 0.528 4.150-6 0 .530 9.79e-5 0.867
FE EIRocodo 2.230-6 0.566 2.990-4 0.882
TR Tor males del R 7.63e-4 0.277 2.190-5 0 .194 2.070-2 0.710
AC Aguas Calientes 1.140*3 0.302 3.14e-2 0.709
IH La Hedkmda 6.120-4 0.341 1.280-5 0.341 1.260-3 0.811
FG RioGuall 1.150-4 0.401 1.260-3 0.823
AB Aguas Blancas 1,88e-5 0.348 5.470-3 0.790
BS » otero Londoflo spo 2.340-7 0.435 2.330-2 0.820
BP iotero Londoflo pot 2.190-2 0.825
LP La Piscina 6.23e-6 0.527 3.07e-6 0 .527 1.380-2 0.856
H3 Hac. Granates 1.77e-2 0.842
Initials Location COS act.coel. SQ4 act. S04 Li act. Li HC03 act. HC03 act.coef.
LC La Calera 0 .268 5.20e-4 0.520 6.95e-5 0 .876 8.120-3 0.874
SL San Luis 0 .166 7.54e-4 0.430 1.35e-4 0.844 1.18e-2 0.839
LN Las Nereidas 0 .163 1.170-3 0.476 5.020-6 0 .870 6.490-3 0.867
FE EIRocodo 0 .225 8.04e-4 0.543 2.160-5 0 .882 4.320-3 0.879
TR Termales del R 5.650-3 0.180 6.35e-5 0 .713
AC Aguas Calientes 3.750-3 0.167 2.80e-5 0 .709
LH La Hedionda 7.4BO-3 0.394 4.790-6 0 .830
FG RioGuall 4.540-3 0.385 2.57e-5 0 .848
AB Aguas Blancas 5.60O-3 0.311 1.430-5 0 .826
BS aotero Londoflo spo 0 .127 1.740-4 0.408 4.470-4 0 .825 2.0BO-3 0.815
BP Bolero Londoflo po< 0 .138 1.520-4 0.419 4.18e-4 0 .830 2.10O-3 0.820
LP La Piscina 0 .245 1.170-4 0.489 2.540-4 0 .860 3.230-3 0.851
H3 Hac. Granates 0 .177 3.10O-4 0.444 3.07O-4 0 .850 2.09O-3 0.840
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Figure A2.4. Comparison between activity and concentration diagrams, a)
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APPENDIX 3. GIGGENBACH DIAGRAMS AND THEIR
C O N ST R U C T IO N .
G iggenbach (1981,1984) looked at the "maturity" of many geotherm al
w aters in the world by plotting the concentrations of different cations and
anions in activity diagram s. T hese  diagram s present the  chem ical reactions
which could explain the  mineral a ssem b lag es  commonly found in volcanic
hydrothermal system s.
Four basic  d iagram s have been  used  by G iggenbach (1984, 1988) to
study  geo therm al w aters. T h ese  d iag ram s can  be u se d  a s  a  first
approxim ation to  classify hydrotherm al w aters and  to  study fluid-rock 
interactions. The first diagram is the triangular diagram  Cl, H C 03', and S 0 42"
studied previously in Figure 3.3. The w aters a re  classified according to their 
dom inant anion a s  sulfate, bicarbonate or chloride w aters. The o ther three 
diagram s consider the chemical reactions involving the mineral assem blages 
commonly found in these  system s. Figures A3.1, A3.2, and  A3.3 show  the 
o th er th re e  G iggenbach  d iag ram s for fluid-m ineral in te rac tions. The 
construction of th ese  diagram s is explained in the next paragraphs. 
N a-K -M g-C a d ia g ra m .-  T he m ineral a s se m b la g e  albite, K -feldspar, 
muscovite, clinochlore, calcite, and  quartz is considered in this diagram. They 
are common minerals in hydrothermal alteration. G iggenbach (1984) suggests 
that equilibrium betw een th ese  m inerals can  be described  by the  following 
m ass action equations:
albite + K+ = K-feldspar + Na+ Equation (1)
0 .8  muscovite + 0.2  clinochlore + 5.4 silica + 2K+
= 2.8K-feldspar +1.6water+ Mg2+Equation (2)
3 K-feldspar + C 0 2 + C a2+ = muscovite + calcite+ 6  silica + 2K+
Equation (3)
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10 Mg
zrc
0.8 H
Na 06‘ ac
0.4 H
4000.2 H
5 0 'C
300"C
0.0
0.0 0.2 0 .4 0.6 0.8 1.0
Ca
Figure A3.1. Giggenbach Na-Mg-K-Ca rectangular diagram. S ee  text for 
discussion. a c=  composition of water formed by dissolution of 10 gr of 
average crustal rock on 1 kg of water. P ressure = saturation pressure (After 
G iggenbach, 1984).
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Na/ 1000
Full equilibrium 
line ^
Maturity index=2
MgK/ 100
Figure A3.2. G iggenbach Na-Mg-K triangular diagram . S ee  text for discussion 
(After G iggenbach, 1984).
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21 .0 Temperature (°C) 3 5 7 .0
-3 .5
o.o-
2.0 -
o>
CMAC
-4.0
3 .06.0
5.0 7 .03 .01.0- 1.0
Lkm
(a K+) (a K+)Figure A3.3. Giggenbach diagram, log [—-------— ] versus log [—---- — ] or
a C a 2 + lM g2,
f c o 2 versus tem perature. AC = composition of water formed by dissolution of
10 gr of average crustal rock on 1 kg of water. S ee  text for discussion (After 
Giggenbach, 1984).
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reaction path indicated by the arrow, from the region of dissolution of average 
crustal rock (ac) tow ards the full equilibrium line for the  th ree  reactions 
mentioned above. This is the general trend followed by natural w aters from the 
dissolution of crustal rocks to a  full equilibrium condition.
Mg-Na-K tr ia n g u la r  d iag ram .- Figure A3.2 show s the triangular diagram  
for Mg, Na, and K proposed by G iggenbach (1988) to study the maturity of 
hydrothermal waters, with respect to the reactions:
albite + K+ = K-feldspar + Na+ Equation (1)
0.8 muscovite + 0.2 clinochlore + 5.4 silica + 2K+
= 2.8K-feldspar +1.6water+ Mg2+ Equation (2)
0.8 muscovite + 0.2 clinochlore + 5.4 silica + 2 Na+
= 2 albite + 0.8 K-feldspar + 1.6 w ater + Mg2+
Equation (4)
According to G iggenbach (1988), the  tem perature  dep en d en ce  of the
equilibrium co n stan ts  of th ese  th ree  equations allows us to ex p re ss  the
following activity ratios:
( S m  a + )2N a+ ' , 1630
log = Lnm= 10.5 --------------
Mga „2+ ” nm“ (t + 273.15)
( a K+)2 4410
l09 ^ =  2 7 3 .1 5 )
. a K+ . . __ 1390
,og a M + ™  " 1*7 5 “ (t + 2 7 3 .1 5 )N a +
For an ideal solution, the concentrations of Na, K, and Mg of w ater in 
equilibrium with the  th ree  reactions is defined by th ese  th ree  equations at a  
given tem perature. In this way, the concentrations of Na, K, and Mg at different 
tem pera tu res a re  obtained and plotted in the  triangular diagram  of Figure 
A3.2, which p resen ts Na/1000, K/100, and Mg1/2concentration relations. The
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According to G iggenbach, the equilibrium constants for th ese  three 
reactions are  known as functions of temperature, K1 (t), K2{t), and K3(t). From
a Na+ — a Na+equation 1, log = log K.,(t). For a  given tem perature, the ratio
a K+ a K+
10mK+
can be estim ated, a s  well a s  the ratio 10 mK+ + mN + f° r 'deal aqueous
10mK+
solutions. In Figure A3.1, the y axis is defined as the ratio 10m K+ + mN + • 
Addition of equations 2 and 3 leads to:
'°g °a2* = '°g k2 )^ + los k3^ ) • log w
Mg2+ 2
log fQ o^ is also a  function of temperature. Then, for a  given temperature, the
a Ca2+ "I ®m Ma2+
ratio ~  ”  can be found, a s  well a s  the ratio 'J o m  + m  ? f° r
Mg2+ Mg*+ Ca
ideal solutions. Giggenbach (1988) has found that this ratio varies between 0
and 1 in hydrothermal waters. In Figure A3.1, the x axis is defined as the ratio 
10rTW +
1 0 m Mg2+ + mCa2+ •
10mK+ 1 0mMn2+
The diagram i 0 m K+ + mNa+ versus 1 0 m Mg2++ mCa2+ is
shown in Figure A3.1. The thick line in the diagram  represen ts the full 
equilibrium for the three reactions at different tem peratures. If the composition 
of a  solution falls on this line, the water is in equilibrium with respect to the 
three reactions described above and the mineral assem blage  albite, K- 
feldspar, muscovite, clinochlore, calcite, and quartz. In this diagram, the left 
side represents the Na side with no K, the right side is the K side with no Na. 
The upper side of the square represents the Mg side with no Ca. The bottom 
side is the Calcium side with no Mg. By looking at hydrothermal waters around 
the world, Giggenbach (1988) has found that hydrothermal waters follow the
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full equilibrium line in th ese  diagram  correspond to the composition of w aters
in equilibrium  with th e  m ineral a sse m b la g e  quartz , alb ite, K-feldspar, 
clinochlore, and  muscovite. The maturity index is defined a s  Ml = 3.5 Lkm -
Lkn . The line corresponding to a  maturity index of 2.0 is drawn in Figure A3.2.
Neutral chloride w aters fall in the  a re a  betw een the maturity index equal 2.0 
and the  full equilibrium line of Figure A3.2. They are considered mature w aters
by G iggenbach (1988).
O k )2 (aK)2
log — -------  versus lo g -r  diagram.- This diagram  is p resen ted  in
C a  Mg
Figure A3.3. In this Figure, G iggenbach (1984) considers the  equilibrium for
reactions 2 and 3 only:
0.8 muscovite + 0.2 clinochlore + 5.4 silica + 2K+
= 2.8K-feldspar +1.6water+ Mg2+
Equation (2)
3 K-feldspar + C 0 2 + C a2+ = muscovite + ca!cite+ 6  silica + 2K+
Equation (3)
From reaction 2 and its equilibrium constant, it is possible to write:
( a K+)2
109 = ^c=  '°9 'co2 * 3 °
As fc o ^ is a  function of tem perature, G iggenbach has established that:
Lkc= 0 .0 1 6 8 1-0.78
an d
( a K+) 4410
L k m = l 0 9 ^ = 14- ° " ( t + 2 7 3 .1 5 )
Figure A3.3 show s the  full equilibrium line defined by th e s e  two 
equations. Lkc is in direct proportion to log fC02  and the two sc a le s  for these
two param eters a re  drawn in the diagram , one on the  right and the other on 
the  left side. Lkm is a  function of the tem perature. The tem perature scale  is
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shown at the top side of the diagram. C 0 2 is present in the liquid and vapor
phase, if the  w aters are not in equilibrium with the m inerals in th ese  two
reactions, they can have a  lower or a  higher fugacity of C 0 2 than the one
required at equilibrium. The distribution coefficient of C 0 2 in the vapor and
rc o 2vliquid p h a ses  is given by Bc o  = —  .where rc o  is the molar ratio of
2 COgj 2v
C 0 2 to water in the vapor, and rc o 2!'s  mo'ar rat'°  C 0 2 water  in the 
liquid:
nC 02
rr o  = (— ----- — )
o u 2v nH2o  vapor
nc o P
rr n  = (-—----- — )
21 HgO liquid
rc o  can be expressed also as: 
fc o 2
r c 0 2v fH20
Log log fCo 2» ancl lo9 ^  o* are funct'ons of tem perature. In addition
logfQQ^ is a  function of Lkc, then the lines of equal rCQ^ and equal rc o   ^can
be plotted in the diagram A3.3. It can be observed that the region below the 
equilibrium line is very rich in C 0 2 in the vapor phase. Inmature waters, with a
fugacity of C 0 2 higher than the equilibrium fugacity fall below the equilibrium
line. The points above the equilibrium line represent the rock dom inated, C 0 2-
deficient environm ents; the points below the line represen t the fluids with 
excess C 0 2, which are very reactive.
The distribution of "mature" neutral chloride w aters and  of "immature" 
acid-sulfate and bicarbonate w aters on the Giggenbach diagram s depends 
on the duration of the fluid-rock interaction and on the relative position of the 
water reservoir with respect to the magmatic cham ber (Giggenbach, 1988).
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